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ABSTRACT 

Johnson,  Russell  Richard.  MSCE.,  Purdue  University, 
January  I960.   Photo;j;ranimetric  Measurement  of  Final  Pay 
Quantities  in  Highway  Construction.  Major  Professor: 
Robert  D.  Miles, 

Photograiiunetry  is  presently  being  used  in  the  location 
and  design  of  highways  to  achieve  a  saving  in  time,  manpower, 
and  cost.   Considerable  interest  has  been  expressed  in  extend- 
ing the  use  of  photogramraetry  to  achieve  a  similar  saving  in 
the  measurement  of  highway  final  pay  quantities.   The  accept- 
ance of  photogrammetric  methods  for  the  determination  of 
final  pay  quantities,  however,  is  contingent  upon  their  ap- 
plicability in  this  respect  and  upon  the  accuracy  that  can 
be  obtained  for  each  type  of  measurement. 

This  thesis  reports  the  results  of  an  attempt  to  apply 
photogrammetric  methods  to  the  determination  of  several  final 
pay  quantities  and  to  evaluate  the  accuracy  obtained  by  com- 
parison with  quantities  determined  by  normal  field  procedures. 
The  final  pay  quantities  concerned  were  earthwork,  concrete 
pavement  and  appurtenances,  paved  side  ditch,  sodding,  curb- 
ing, guard  rail,  and  guide  posts.   The  study  was  performed 
on  a  newly  constructed  section  of  highway  approximately 
10,000  feet  in  length.   The  photogrammetric  plotting  was  ac- 
complished with  a  standard  six-inch  focal  length  Kelsh 


IX 


plotter  at  a  scale  of  1  inch  =  50  feet. 

Photograrametric  soot  elevation  readings  for  the  final 
roadbed  cross  sections  and  field  survey  notes  for  the  original 
terrain  cross  sections  were  used  in  combination  to  determine 
the  earthwork  quantities.   Comparisons  were  analyzed  on  the 
basis  of  volumes  for  individual  sections,  for  individual 
plotter  models,  for  various  classifications  of  excavation 
and  embankment,  for  urban  and  rural  classifications,  and  for 
the  entire  project.   Althou-;h  payment  is  made  on  the  basis 
of  excavation  quantities  only,  embankment  quantities  were 
also  considered  as  it  was  felt  that  they  would  aid  in  the 
evaluation  of  earthwork  quantities  in  general.   Computation 
of  the  earthwork  quantities  was  accomplished  \\fith  an  IM 
650  electronic  computer. 

Since  vertical  accuracy  is  of  great  importance  in  the 
determination  of  earthwork  quantities,  a  statistical  analysis 
of  vertical  accuracy  was  unaertaken  by  comparing  photograra- 
metric centerline  elevations  with  the  corresponding  eleva- 
tions from  the  field  survey. 

Non-earthwork  final  pay  items  were  delineated  on  the 
phot ogramme trie  manuscript,  and  the  quantities  were  deter- 
mined by  scaling  or  planimetering.   These  quantities  were 
compared  with  the  corresponding  quantities  determined  by 
normal  field  procedures. 

With  limited  regard  for  accuracy,  it  was  found  that  the 
photogrammetric  methods  were  applicable  to  the  measurement 


of  the  aforementioned  final  pay  quantities.   The  comparisons 
of  these  quantities,  however,  varied  from  gooa  to  bad.   There 
was  generally  good  agreement  between  the  photogrammetric 
earthwork  quantities  and  the  corresponding  quantities  deter- 
mined by  field  procedures,  but  poor  agreement  was  noted  in 
the  comparisons  of  sodding  and  curbing.   Adjustment  of  the 
photogrammetric  earthwork  quantities  generally  resulted  in 
better  agreement  with  field  quantities. 

Errors  in  photogrammetric  elevation  readings  were 
normally  distributed  with  a  mean  error  not  significantly 
different  from  zero.   The  calculated  C-factor,  a  measure  of 
vertical  accuracy,  was  lb70,  a  comparatively  high  value. 

Although  the  use  of  photogramnetric  methods  in  the  deter- 
mination of  final  pay  quantities  still  remained  questionable, 
it  was  believed  that  the  accuracy  obtained  in  the  earthwork 
quantity  measurements  would  definitely  warrant  the  use  of 
photogrammetric  methods  in  the  location  and  design  phases 
of  highway  construction. 


PHOTOGiiM'DyETRIC  MEASUiiSMENT  OF   FINAL    PAY 
QUANTITIES  IN   HIGHV/AY  CONSTRUCTION 

INTRODUCTION 

Photo  gramme  try :  Present  Uses  in  Highway  Engineerirtf" 
Photograrametry  is  defined  as  "the  science  or  art  of  ob- 
taining reliable  measurements  by  means  of  photography"  (1), 
Both  ground  and  aerial  photography  may  be  used  for  this  pur- 
pose, but  aerial  photography  is  employed  almost  exclusively 
in  the  application  of  photograrametry  to  highway  engineering. 

The  use  of  photogrammetric  methods  to  supplement  con- 
ventional highway  location  anu  design  procedures  has  become 
a  widespread  practice  during  the  past  few  years.   The  expanded 
highway  program  has  induced  highway  departments  to  conscien- 
tiously apply  photogrammetric  methods  to  their  engineering 
problems  in  order  to  keep  within  limitations  of  time,  economy, 
and  eni-',ineering  manpower.   Efforts  in  tliis  area  have  been 
greatly  reinforced  by  the  recent  development  of  relatively 
inexpensive  photogrammetric  plotting  instruments  and  the 
integration  of  these  instruments  with  automation  and  elec- 
tronic computation.   The  experience  and  knowledge  derived 
in  this  short  period  of  time  has  proven  photogrammetric 
methods  to  be  satisfactory  and  in  many  respects  superior  to 
conventional  methods. 


Photogrammetric  methods  may  be  used  in  all  of  the  stages 
of  highway  location  and  design.  It  is  convenient  to  classify 
these  stages  as:  (1)  reconnaissance  of  alternate  routes,  (2) 
selection  of  the  best  route,  and  (3)  design  and  estimation 
of  q^uantities. 

After  the  terminal  points  of  a  proposed  highway  have 
been  selected,  the  task  of  location  and  design  is  begun.  The 
first  step  is  reconnaissance  of  the  area  between  the  terminal 
points  to  select  possible  alternate  routes.  In  the  past, 
ground  reconnaissance  on  foot  or  visual  obser\'"ations  from  the 
■air  v/ere  relied  upon  as  a  means  of  selecting  the  best  alter- 
nate routes,  but  experience  has  shov.n  that  the  best  alter- 
nates were  not  alv/ays  chosen.  Stereoscopic  examination  of 
small  scale  aerial  photography  over  a  large  area  enables  the 
engineer  to  observe  and  record  possibilities  which  night 
otherwise  be  overlooked.  This  regional  view  allows  the  con- 
sideration of  many  factors  affecting  location  and  insures  a 
Detter  selection  of  alternate  routes.  In  the  reconnaissance 
stage,  rough  measurements  for  comparative  purposes  may  be 
obtained  from  small  scale  United  States  Geological  Survey 
quadrangle  sneets. 

Comparison  of  the  alternate  routes  and  selection  of  the 
best  is  achieved  by  a  detailed  study  of  larger  scale  photo- 
graphy. Separate  photographic  flight  line  mosaics  of  each 
route  at  a  scale  of  from  1  inch  =  400  feet  to  1  inch  =  1000 
feet  are  used.  Tentative  location  lines  and  profiles  are 


established  and  sample  cross  sections  obtained  by  photo- 
greimmetric  techniques  as  a  basis  for  comparing  the  alternate 
routes. 

Pinally,  the  preliminary  location  line  is  fixed  and 
design  of  the  selected  route  accomplished  by  using  very  large 
scale  photogrammetric  contour  naps  or  photogrammetrically 
obtained  cross  sections.  It  is  in  this  stage  that  the  full 
value  of  photograjametric  methods  can  be  realized,  V/ith  the 
aid  of  the  contour  map  and  stereoscopic  examination  of  the 
photography,  the  engineer  can  pin-pcint  the  centerline  of 
location;  prepare  profiles;  establish  grades;  determine  pre- 
liminary design  earthwork  quantities;  study  soil  conditions, 
land  use  and  drainage;  determine  sources  of  borrow  materials 
and  availability  of  suitable  "Aggregates;  and  prepare  fairly 
accurate  quantity  estimates.  Except  for  a  small  amount  of 
field  surveying  for  basic  control,  the  location  and  design 
from  reconnaissance  to  preliminary  estimation  of  quantities 
can  be  accomplished  economically  and  with  a  minimi.ua  expendi- 
ture of  time  and  manpower. 

Through  the  various  stages  of  highway  location  and 
design,  phctograjinetry  is  at  first  applied  in  a  general 
manner  and  then  becomes  progressively  more  detailed,  acciirate, 
and  specific  to  the  final  stages.  In  the  reconnaissajice 
stage,  single  photographs,  stereo-pairs,  and  photo-mosaics 
are  generally  used  while  large  scale  photogrammetrically 
compiled  contour  maps  or  cross  sections  are  used  in  the 
final  stages. 


Photograirjnetric  procedures  are  quite  often  employed  for 
purposes  other  than  those  directly  connected  \n.th   location 
and  design.   They  are  well  adapted  to  right-of-way  studies 
since  it  is  not  necessary  to  disturb  local  property  owners 
by  the  presence  of  grouna  survey  crev/s  or  risk  speculation 
on  property  values.   Photogrammetric  proceiures  have  been 
useful  aids  in  the  operations  and  maintenance  fiej.ds.   They 
can  be  used  to  identify  points  of  congestion  and  show  rela- 
tive use  of  roads  in  the  vicinity  of  large  traffic  generators, 
Photography  of  tne  completed  project  reveals  pavement  condi- 
tion, erosion,  and  drainage  problems.   It  a_so  affords  an 
accurate  record  of  the  completed  project  for  inventory  sur- 
veys ana  for  the  settlement  of  legal  problems. 

The  use  of  photogrammetric  procedures  to  determine 
final  pay  quantities  after  completion  of  the  project  is  of 
particular  interest  to  this  study.   As  far  as  is  known,  this 
method  of  determining  final  pay  quantities  has  not  been  used 
to  make  final  payraent  to  the  contractor;  but,  if  accepted, 
it  will  make  possible  considerable  savings  in  the  cost,  time, 
and  manual  effort  involved  in  measuring  and  computing  final 
pay  quantities. 

Final  Payment  .uantities 
The  present  practice  in  Indiana  regarding  final  earth- 
work quantities  is  to  make  payment  on  the  basis  of  cubic 
yards  of  excavation  as  measured  in  the  original  position  by 
taking  cross  sections  before  excavation  is  started  and  again 


after  it  is  completed.   Volumes  are  computed  by  the  average 
end-area  method.   If  the  cost  of  excavation  is  specifically 
included  in  the  payment  for  any  item  of  work,  the  final 
cross  sections  are  taken  at  the  finished  surface  of  the  work, 
Payment  for  embankment  is  not  ordinarily  made  on  a  unit 
volume  basis,  but  is  included  in  the  various  pay  items  of 
the  contract  (i.e.,  spreading  and  compacting  of  embankment 
material,  labor  and  equipment). 

Other  final  pay  quantities  such  as  pavement,  curbing, 
paved  side  ditch,  guard  rail,  and  sodding  are  measured  when 
complete  in-place  and  accepted,  ^,^d.th  payment  being  made  on 
a  contract  unit  price  per  lineal  foot  or  square  yard  (9). 

The  usual  field  procedure  for  obtaining  cross  sections 
consists  of  taking  elevation  readings  to  0.1  foot  on  the 
terrain  at  right  angles  to  the  centerline.   The  horizontal 
distance  of  each  reading  from  the  centerline  is  usually 
measured  to  the  nearest  foot.   Cross  sections  are  taken  at 
100  foot  intervals,  or  stations,  and  at  significant  breaks 
in  the  profile  of  the  centerline.   An  engineer's  level  or  a 
hand  level  may  be  used,  depending  upon  the  type  of  terrain 
and  desired  accuracy.. 

To  estimate  the  area  of  a  cut  or  fill  section,  the 
engineer  plots  the  elevation  readings  from  cross  sectioning, 
both  before  and  after  construction,  on  coordinate  paper  and 
planimeters  the  area  formed  by  connecting  the  elevation 
points  by  straight  lines.   The  volume  between  two  cross 


sections  is  determined  by  multiplying  the  averaged  end-areas 
by  the  length  betv/een  them.   Electronic  computers  may  be 
used  to  facilitate  the  computation  of  areas  and  volumes. 

It  is  obvious  that  this  procedure  is  at  best  an  approxi- 
mation of  the  true  volume  in  that  it  represents  only  a 
sampling  of  the  infinite  number  of  sections  and  elevation 
points  '."All oh  woula  be  necessary  to  represent  the  true  geo- 
metry of  a  section  of  earthwork.   The  inaccuracies  of  t'lis 
metliod  are  further  eiaphasized  by  the  fact  that  the  average 
end-area  formula  for  calculatin^j  volumes  is  not  precisely 
correct;  and,  due  to  field  practices,  cross  sections  are 
rarely  taken  at  exactly  ri^^ht  aiigles  to  thu  centerline.   Add 
to  this  the  blunders  that  scnietines  occur  in  any  surveying 
procedure,  and  it  becomes  apparent  that  the.  present  methods 
of  estimating  earthv;ork  quantities  are  far  from  ideal. 

Lineal  measurements  of  guard  rail,  sodding,  curbing,  and 
other  pay  items  are  usually  made  vn.tli  a  metallic  fipe  to  the 
nearest  foot  or  tenth  of  a  foot.   These  measurements  are  not 
necessarixy  in  a  horii:ontal  plane. 

The  proposed  procedure  for  determining  earthv/orK  quan- 
tities photogra.-.jnetrically  is  a  airect  analogue  of  the  field 
survey  methoa.   Gross  section  lines  are  dravm  on  the  photo- 
grammetric  manuscript  at  rij.ht  aiigies  to  the  centerline. 
Spot  elevations  along  the  cross  section  lines  are  read 
directly  from  the  photogrammetric  plotter  or  the  elevations 
may  be  interpolated  from  photograr.imetricaliy  established 


contours  on  the  manuscript.   For  final  pay  measurements,  it 
is  generally  agreed  that  spot  elevations  v/oula  be  more  de- 
siraole  since  they  can  be  made  with  at  least  tv;ice  the  pre- 
cision of  the  interpolated  readings  (7).   The  coordinates  of 
each  reaaing  are  i.^Titten  on  the  manuscript  at  the  position 
of  the  reading.   Computation  of  volume  quantities  is  made  in 
the  normal  manner. 

The  ease  and  facility  of  reading  elevations  from  the 
plotter,  as  opposed  to  i.he  laborious  and  time  consuming  field 
methods,  motivates  the  measurement  of  more  cross  sections 
and  more  elevations  per  cross  section.   This  is  highly  de- 
sirable since,  as  inaicated  previously,  the  accuracy  of  the 
terrain  representation  is  a  function  of  the  density  of  ele- 
vation readings.   Elevation  data  collection  may  be  further 
expedited  by  an  electronic  linkage  mechanism  which  permits 
the  horizontal  and  vertical  coordinates  of  a  point  reading 
to  be  automatically  punched  into  stan iard  electronic  computer 
punch  cards.   The  plotter  operator  need  only  concentrate  on 
placing  the  floating  mark;  the  data  is  recorded  by  merely 
pushing  a  button. 

In  connection  with  the  measurement  of  non-earthwork 
quantities,  it  may  be  said  that  the  physical  dimensions  of 
any  object  identifiable  to  its  full  extent  in  the  plotter 
model  can  be  measured.   The  measurement  of  these  quantities, 
however,  is  not  alv;ays  in  the  horizontal  and  vertical  system 
of  coorainates:   a  condition  which  calls  for  special  allow- 
ances when  making  photograrametric  measurements  since  direct 
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measurements  I'rom  the  plotter  are  always  horizontal  and 
vertical. 

The  cost,  time,  and  manual  effort  involved  in  measuring 
final  pay  quantities  v^ould  be  considerably  reduced  if  these 
quantities  could  be  obtained  by  photoi^rammetric  Methods. 
The  use  of  these  methods,  however,  is  contingent  upon  the 
accuracy  v/hich  can  be  obtained  for  each  type  of  measurement. 
Large  sums  of  money  are  paid  to  the  contractor  on  the  basis 
of  final  pay  measurements;  it  is  mandatory  that  these  measure- 
ments be  accurate  and  reliable.   In  light  of  the  savings  and 
advantages  of  photogranmetric  methods  over  conventional 
methods,  a  study  to  evaluate  the  photogrammetric  accuracy  of 
final  pay  quantities  would  seem  appropriate. 

Purpose 
This  study  is  an  attempt  to  measure  final  pay  quantities 
by  photogrammetric  methods  and  to  evaluate  the  accuracy  of 
such  measurements.   The  quantities  to  be  measured  are  earth- 
work, concrete  pavement,  concrete  pavement  appurtenances, 
paved  side  ditch,  sodding,  guard  rail,  guide  posts  and 
curbing.   The  accuracy  obtained  in  measuring  these  quantities 
will  be  evaluated  on  the  basis  of  comparisons  with  actual 
field  measurements  taken  for  final  payment  to  the  contractor. 


PREVIOUS  INVESTIGATIONS 

The  use  of  photogrammetric  procedures  to  solve  highway- 
location  problems  and  to  determine  design  quantities  is  a 
well  established  practice  in  many  state  highway  departments 
and  private  consulting  firms,  but  the  concept  of  determining 
final  pay  quantities  by  photogrammetric  procedures  is  rela- 
tively new.   Many  authorities  in  the  highway  industry  have 
proposed  that  the  use  of  photogrammetric  metiods  be  extended 
to  include  the  determination  of  final  pay  quantities  for 
earthwork  and,  as  a  few  have  suggested,  to  final  pay  quan- 
tities other  than  earthwork  quantities.   Little  work  has 
been  done  to  actually  test  the  accuracy  and  reliability  of 
photogrammetric  methods  in  this  application,  ho'./ever. 

HS  early  as  1957,  *-'"'io  reported  flying  three  road  pro- 
jects for  final  measurements,  and  a  later  report  outlined 
the  procedure  by  which  photogrammetric  final  pay  measurements 
were  to  be  made  "if  requested"  (B,o).   This  procedure  con- 
sists of  obtaining  large  scale  photography  of  the  job  as 
soon  as  the  contractor  has  completed  fine  grading  and  seeding. 
All  sections  are  measured  photogrammetrically  to  obtain  an 
accurate  record  of  construction  "as  built"  v;hether  needed 
for  payment  or  not.   A  duplicate  of  the  original  cross  sec- 
tion overlay  is  prepared  and  the  work  limits  and  control 
elevations  as  indicated  by  the  design  sheets  are  added.   The 
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plotter  operators  measure  spot  elevations  for  the  final  cross 
sections  on  this  overlay  to  at  least  the  work  limits  and  as 
much  farther  as  earthwork  movements  indicate.   The  final 
cross  sections  are  then  plotted  on  copies  of  the  cross  sec- 
tions taken  before  construction  to  check  the  tie-in  edges  of 
the  sections.   The  extent  of  seeding--,  sodding,  borrow  and 
other  pay  items  is  plotted  and  turned  over  to  the  construc- 
tion engineer  for  pay  quantity  calculations. 

Unfortunately,  the  accuracy  of  this  procedure  is  left 
open  to  conjecture  since  no  comparisons  of  the  photogram- 
metric  measurements  mth  normal  methods  of  measurement  were 
reported. 

Early  in  195^,  the  California  Division  of  Highways  re- 
ported a  study  on  map  accuracy  which  may  be  considered  rele- 
vant to  the  problem  of  final  pay  measurements  (4).   This  study 
was  a  statistical  analysis  of  the  vertical  accuracy  of  photo- 
grammetric  mapping  derived  from  a  comparison  of  field  ele- 
vations interpolated  from  contour  ra^ips.   An  analysis  of  the 
results  of  twelve  projects  indicated  close  agreement  betv;een 
the  frequency  distribution  of  errors  and  the  normal  proba- 
bility distribution.   The  report  concluded  that  present  map 
specifications,  which  call  for  90  percent  of  the  readings 
tested  to  be  within  one-half  contour  interval,  are  inadequate 
and  that  the  standard  deviation,  by  itself,  would  be  an 
equally  inadequate  measure  of  accuracy  since  systematic 
errors  v/ould  not  be  revealed.   From  the  standpoint  of  the 
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highway  engineer,  it  was  felt  that  satisfactory  specifica- 
tions for  mapping  should  embody  both  the  arithmetic  mean 
and  the  standard  deviation. 

The  study  also  reported  earthwon:  quantity  comparisons 
for  several  projects  based  on  contour  map  interpolation  of 
elevation  readings.   The  errors  ranged  from  0.1  percent  to 
5.4  percent  in  excavation  and  from  .03  percent  to  7.<->  percent 
in  embankment.   It  noted  that  this  close  agreement,  even 
though  the  mapping  was  relatively  poor  in  many  cases,  was 
due  to  the  compensation  of  plus  and  minus  errors. 

Further  elaboration  on  the  accuracy  of  photogrammetric 
earthwork  quantities  was  provided  by  two  recent  studies  by 
the  California  Division  of  Highways.   In  the  first  study 
earthwork  quantities  from  a  3000  foot  experimental  section 
were  measured  by  tv/o  field  surveys  and  six  photogrammetric 
surveys  (5).   One  of  the  field  surveys  was  made  with  suf- 
ficient precision  to  serve  as  a  control  for  measuring  the 
accuracy  of  the  other  surveys.   Three  of  the  photogrammetric 
surveys  were  made  by  reading  spot  elevations  along  the  cross 
section  lines  and  the  other  three  resulted  from  interpolating 
elevations  along  the  cross  section  lines  from  a  photogram- 
metricalLly  prepared  contour  map  of  two-foot  contour  intervals, 
A  1  inch  =  50  feet  scale  was  used  for  all  photogrammetric 
plotting. 

A  wide  variation  in  accuracy  was  noted  in  measuring  the 
elevation  of  centerline  stations  and  slope  stakes  by  the 
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photogrammetric  surveys.   The  errors  in  elevations  between 
the  control  survey  and  the  photograrmetric  surveys  ranged 
from  -2.4  feet  to  1.8  feet.   The  standard  deviations  of  these 
surveys,  calculated  on  the  basis  of  deviations  from  the  arith- 
metic mean  error,  ranged  from  .19  foot  to  .62  foot.   The 
mean  of  the  errors  ranged  from  .03  foot  to  .32  foot.   Earth- 
work quantities  for  this  study  as  computed  from  the  field 
control  survey  were  63,16?  cubic  yards  of  excavation  and 
29,152  cubic  yards  of  embankment.   Errors  in  quantities  from 
the  photogrammetric  survey  ranged  from  0  to  2.5  percent  in 
excavation  and  from  O.S  to  7.9  percent  in  embankment.   An 
analysis  of  this  variation  showed  that  there  was  a  close 
relationship  between  the  errors  in  centerline  elevations  and 
the  errors  in  earthwork  quantities.   Further  investigation 
indicated  that  systematic  errors  were  operative  which  varied 
from  model  to  model  and  even  within  individual  models,  but 
tended  to  remain  fairly  constant  for  a  small  area,  such  as 
a  single  cross  section.   These  relationships  suggested  the 
possibility  of  adjusting  the  earthwork  quantities  by  raising 
or  lowering  the  entire  cross  section  at  each  station  by  an 
amount  equal  to  the  error  at  the  centerline.   After  this  ad- 
justment was  made,  the  errors  in  earthwork  quantities  of  the 
photogrammetric  surveys  were  from  0  to  0.8  percent  in  exca- 
vation and  from  0.1  to  1.3  percent  in  embankment. 

The  conclusions  of  this  study  \^ere  that  (1)  "Adjusted 
quantities  from  all  of  the  photogrammetric  surveys  were  within 
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limits  generally  considered  tolerable  Tor  pay  quantities," 
and  (2)  "the  method  of  adjusting  photograrometric  quantities 
by  use  of  a  centerline  profile  appears  to  have  considerable 
potential  value  as  a  means  of  obtaining  pay  cuantities  with 
a  minimum  expenditure  of  manpower"  (5)» 

The  second  study  of  three  sections  totaling  10.7  miles 
in  length  v/as  made  under  actual  field  conditions  and  generally 
confirmed  the  results  of  the  first  study  (3).   The  purpose 
of  this  study  was  to  further  test  the  theory  that  the  accuracy 
of  phot ogramme trie  earthwork  quantities  could  be  greatly  im- 
proved by  centerline  adjustments. 

Again,  a  conventional  field  survey  was  used  as  a  con- 
trol for  testing  the  accuracy  of  the  photograrnmetric  survey 
and,  as  before,  adjustments  were  made  by  raising  or  lowering 
all  elevation  reaaings  at  each  cross  section  by  an  amount 
equal  to  the  error  in  elevation  from  the  field  survey  at 
centerline.   Elevations  along  cross  section  lines  were  taken 
from  photograrnmetric  maps  at  a  scale  of  1  inch  =  50  feet 
vdth  two-foot  contour  intervals. 

For  purposes  of  comparison,  the  three  sections  were 
divided  into  ten  segments,  each  approximately  one  mile  in 
length.   The  errors  in  excavation  for  the  ten  segments  before 
adjustment  ranged  from  0.3  percent  to  5.4  percent  with  an 
average  of  2.5  percent.   After  adjustment  these  errors  were 
reduced  to  a  range  of  0.0  percent  to  l.B  percent  with  an 
average  of  0.5  percent.   The  range  for  embankment  quantities 
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was  irora  0.9  to  9.7  percent  with  an  average  of  3.1  p^;rcent 
before  adjustment  and  0.1  to  1.8  percent  with  an  average  of  O.to 
percent  after  adjustment.   Comparisons  were  also  made  to 
show  aifferences  before  and  after  adjustment  for  large  indi- 
vidual excavations  and  enbankraents  and  for  sectiort- 1,000  feet 
in  length. 

A  comparison  of  earthwork  quantities  using  cross  sec- 
tions taken  from  photograrametric  mapping  at  a  one  foot  con- 
tour interval  :;n'.i  a  scale  of  1  inch  =  50  feet  with  cross 
sections  by  field  survey  methods  on  six  ana  one-half  miles 
of  the  IJorthern  Illinois  Toll  Highway  was  reported  by  Clyde 
E.  V/illiams  and  Associates,  Inc.  (personal  correspondence). 
Although  this  study  was  concerned  with  the  estimation  of 
unclassified  excavation  for  bid  purposes,  it  is  an  indication 
of  the  accuracy  ana  reliability  that  mi'^ht  be  expected  in 
final  pay  quantity  determination  under  similar  field  condi- 
tions. 

Templates  of  the  finished  cross  sections  were  plotted 
on  tiie  original  terrain  sections  obtained  from  the  photo- 
grammetric  contour  map.   Final  photogrammetric  cross  sections 
were  not  taken  after  excavation  was  completed.   Field  cross 
sections  were  taKon  both  before  ana  after  excavation. 

The  errors  in  ttie  photogrammetric  quantities  for  this 
project  were  larger  than  those  reported  by  the  California 
studies.   Tills  laay  be  explained,  in  part,  by  the  extremely 
flat  terrain  and  attendant  shallow  cut  sections  and  the  final 
shaping  of  the  back  slopes  after  the  contour  map  had  been 
prepared. 
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The  total  excavation  by  field  measurements  was  144, S27 
cubic  yards  compared  to  131,940  cubic  ynrds  by  photO£;ram- 
metric  raeasurements  for  an  8.9  percent  error.   However,  the 
comparison  of  total  yardage  is  misleading  since  one  section 
of  shaliovj  cut  was  in  error  42  percent  while  another  section 
of  deeper  cut  v;as  in  error  only  three  percent.   It  was  felt 
that  the  latter  section  gave  a  more  realistic  picture  for 
comparative  purposes  as  this  area  was  of  a  more  controlled 
nature,  regarding  cut  limits,  than  anywhere  else  on  the  job. 

A  survey  of  relevant  literature  failed  to  reveal  any 
investigations  on  the  accuracy  of  final  payment  quantities 
other  than  earthworK  quantities  and,  as  far  as  is  known, 
this  study  is  the  first  attempt  to  cojicentrate  on  the  general 
problem  of  the  accuracy  involved  in  the  photograrametric 
measurement  of  several  types  of  final  pay  quantities. 
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SCOPE 

Study  Location 

Several  factors  were  considered  in  the  selection  of  a 
section  of  highway  on  which  to  perform  the  investigation. 
The  study  site  had  to  be  recently  completed  construction  and 
of  sufficient  length  to  provide  an  adequate  statistical  base 
for  accuracy  evaluations.   The  topography,  land  use,  and 
proximity  to  Lafayette  were  deemed  desiraoie  considerations, 
but  not  necessarily  of  a  controlling  nature. 

The  most  important  factor  considered  was  that  of  find- 
ing a  section  of  highway  of  receipt  construction.   This  is 
because  weathering,  traffic  use,  and  vegetation  tend  to  make 
photogrammetric  identification  and  delineation  of  construc- 
tion items  difficult  after  the  highway  has  been  in  use  for 
any  period  of  time.   Erosion  quickly  disfigures  side  slopes 
and  ditches,  and  traffic  use  soon  obscures  the  sharp  defini- 
tion of  pavement  edges  and  side  road  entrances.   Tree 
foliage  and  weeds  may  v/holly  or  partially  conceal  terrain 
and  ground  objects,  especially  during  the  summer  months,  and 
make  the  task  of  photogrammetric  plotting  particularly  dif- 
ficult. 

The  length  of  the  study  section  would,  of  course,  depend 
upon  the  frequency  of  occurrence  of  the  various  pay  items. 
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It  was  felt,  however,  that  a  study  section  oi  approximately 
two  miles  length  would  provide  enough  measurements  of  the 
various  pay  quantities  to  permit  a  sound  evaluation  of  ac- 
curacy.  This  length  would  allow  hundreds  of  comparisons  of 
individual  earthwork  quantities  and  pennit  a  statistical 
study  of  vertical  accuracy  and  some  of  its  ramifications  as 
applied  to  earthwork  quantities. 

The  study  area  was  selected  on  the  basis  that  it  should 
also  include  variable  topography  ana  different  land  uses. 
These  variables  are  likely  to  be  encountered  in  a  highway 
construction  project  of  large  size  and  may  present  quite 
different  photogrammetric  interpretation  and  measurement 
problems. 

A  newly  constructed  section  of  State  Road  2?  beginning 
at  Liberty,  Indiana  and  extending  northward  about  five  miles 
was  selected  as  a  suitable  location  for  the  study.   The 
Indiana  State  Highway  Department  assisted  in  laaking  the 
selection.   The  actual  study  was  performed  on  a  9,643  foot 
length  of  this  section  beginning  at  station  445  +  00  on  V/est- 
cott  Street  in  Liberty  and  ending  at  station  53^+55  north 
of  town.   A  flight  line  mosaic  of  the  study  section  is  shown 
in  Plate  I. 

The  construction  on  State  Road  27  was  primarily  of  a  re- 
location nature  although  some  of  the  highway  was  rebuilt  to 
higher  standards  in  the  same  position  as  before  construction. 
Construction  v;as  completed  in  the  fall  of  1958. 

About  800  feet  of  the  study  section  nay  be  assigned  an 
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urban  land  use  classification  as  it  is  within  the  city 
limits  of  Liberty.   The  new  highway  is  of  two-lane  construc- 
tion with  twelve  foot  lanes.   The  pavement  and  side  road 
entrances  are  constructed  of  Portland  cement  concrete.   Pri- 
vate drive  entrances  within  the  city  limits  are  also  paved 
with  concrete.   Large  embankments  have  protective  guard  rail 
and  hazardous  locations  are  marked  with  guide  posts.   There 
are  tv;o  relatively  large  drainage  structures  and  several 
paved  side  ditches  to  accommodate  runoff.  Grades  and  curva- 
tures are  small,  reflecting  the  high  standards  of  design 
which  generally  prevail. 

The  terrain  may  be  described  as  rolling  although  there 
are  some  flat  reaches.   This  is  typical  of  the  heavily 
dissected  V/isconsin-age  till  plain  on  which  the  study  area 
is  located.   The  elevation  readings  ranged  from  927.2  feet 
to  1005.9  feet  above  sea  level.   Some  of  the  excavations  and 
embankments  were  relatively  large  as  would  be  expected  in 
terrain  of  this  nature. 

The  ground  cover  at  the  time  of  fli^iht  exposure  in 
December  consisted  mainly  of  crop  stuble  and  pasture  on  the 
tillable  soil  and  wooded  areas  near  the  streams.   Residential 
buildings,  lawns,  and  shade  trees  prevailed  within  the  city 
limits.   All  vegetation  and  trees  within  the  limits  of  con- 
struction had  been  removed,  except  for  the  sodding  placed 
after  construction  and  a  few  small  areas  near  the  outside 
limits  of  construction  in  which  trees  obscured  the  view. 
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Some  snow  cover  was  present  in  the  side  ditches  and  on  the 
west  slopes  of  excavations. 

The  study  section  generally  complied  with  the  conditions 
which  were  thought  necessary  or  desirable  in  the  selection 
Oi  a  good  location  for  the  investigation.   Perhaps  the  only 
disagreeable  aspect  was  the  long  travel  time  involved  in 
visiting  the  site  to  collect  control  data. 

Quantities  Measured 

It  was  decided  early  in  the  study  that  the  quantities 
which  could  possibly  be  measured  were  earthwork,  concrete 
pavement,  concrete  pavement  appurtenances,  paved  side  ditch, 
sodding,  guard  rail,  guide  post,  and  curbing.   Only  items 
which  could  be  identified  and  delineated  from  air-photos 
were  considered.   Payment  for  such  quantities  had  to  be  on 
the  basis  of  dimension  measure  rather  than  v/eight  measure. 
On  this  premise,  a  quantity  measurement  such  as  seeding 
would  not  qualify  for  photogrammetric  measurement  since  pay- 
ment for  this  item  is  on  the  basis  of  weight  measurement  of 
seed,  fertilizer  and  straw  mulching.   Nor  would  base  course 
materials  lend  themselves  to  photogrammetric  measurement 
since  these  quantities  are  not  visible  from  air-photos. 

The  most  important  quantity  under  investigation  was 
earthwork.   Although  payment  to  the  contractor  in  Indiana 
is  made  on  the  basis  of  cubic  yards  of  excavation  only,  it 
was  felt  that  the  measurement  of  embankment  quantities  woiild 
serve  as  an  indication  of  the  accuracy  and  reliability  of 
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earthwork  measurements  in  general,  1!\jo   relatively  large 
borrow  pits  adjacent  to  the  highway  at  stations  50S  and  530 
were  included  under  the  classification  of  special  borrow  in 
the  excavation  measurements.   Excavations  and  embankments 
for  side  road  entrances  and  private  drives  v/ere  not  measured 
since  the  original  terrain  data  were  not  available  in  many 
instances.   Grade  "B"  special  borrow,  which  is  granular 
material  used  primarily  for  special  fill  at  structures,  was 
not  measured  for  the  same  reason.   The  amount  of  Grade  "B" 
special  borrow  was  very  small,  and  it  is  doubtful  if  the 
borrow  pits  for  this  material  could  be  identified  and  measured, 
even  if  they  were  within  the  limits  of  photo  coverage. 

Cross  sectional  areas  for  earthwork  quantities  v/ere 
determined  by  a  combination  of  photogranmetric  and  conven- 
tional methods.   The  original  cross  sections  of  the  terrain 
before  construction  were  procured  by  field  survey  methods; 
whereas,  the  template  sections  (i.e.,  cross  sections  of  the 
finished  road  bed)  were  procured  by  photogrammetric  spot 
elevation  readings.   Field  level  books  from  the  highway 
department  supplied  the  data  for  the  original  cross  sections. 
Although  it  v/ould  have  been  possible,  and  perhaps  desirable, 
to  determine  the  initial  terrain  data  by  photogrammetric 
methods,  the  time  interval  from  staking  of  the  centerline  to 
completion  of  construction  would  have  precluded  such  a  pro- 
cedure for  this  study. 

It  was  recognized  that  the  plotting  and  planimetering 
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of  cross  section  data  and  the  computation  of  volumes  would 
be  laborious  and  would  consume  an  inordinate  amount  of  time 
as  far  as  the  study  was  concerned.   Therefore,  arrangements 
were  made  with,  the  Indiana  State  Highway  Department  to  have 
the  earthwork  quantities  computed  on  their  IBM  b50  electronic 
computer.   The  cross  section  data  were  transferred  to  computer 
punch  cards  for  this  operation,  and  the  areas  and  volumes 
were  determined  quickly  and  accurately  with  the  use  of  a 
standard  earthwork  program. 

The  California  studies  indicated  that  the  accuracy  of 
photogranmetric  earthwork  quantities  could  be  considerably 
improved  by  adjusting  cross  section  elevation  readings  to  an 
accurate  centerline  profile  (3,5).   It  was  decided  that  this 
procedure  should  be  included  in  the  study  along  with  the 
method  of  determining  earthwork  quantities  ^vithout  adjust- 
ments.  Accordingly,  all  template  sections  were  raised  or 
lowered  by  an  amount  equal  to  the  error  at  the  centerline 
station,  and  the  resulting  earthwork  quantities  were  com- 
pared with  quantities  aetermined  by  normal  field  methods. 

The  Indiana  State  Highway  Department  Construction  Record 
for  Project  F-6I6  (3,5)  v/as  used  in  making  comparisons, 
except  in  the  case  of  embankment  quantities,  which  were  not 
listed  in  the  construction  record.   Embankment  quantities 
for  comparison  with  the  same  photogrammetric  quantities  were 
computed  from  data  obtained  from  the  field  cross  section 
books.   Excavation  quantities  were  also  compared  in  this 
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manner  in  addition  to  the  construction  record  comparisons. 

For  purposes  of  comparison,  the  reinforced  concrete 
pavement  was  subdivided  into  twenty-one  sections  corresponding 
to  the  suoui visions  of  the  construction  record.   Concrete 
pavement  appurtenances  (i.e.,  side  road  entrances  and  widened 
sections  )  were  included  within  these  subdivisions.   Sight 
concrete  private  drive  entrances  within  the  city  limits  were 
treated  separately,  however.   Fifteen  sections  of  paved  side 
ditch,  eleven  sections  of  guard  rail,  ana  twelve  guide  post 
groupings  were  measured  and  compared  in  correspondence  with 
the  quantity  subdivisions  of  the  construction  record.   Sodding 
was  r.ieasured  and  compared  on  the  basis  of  area  quantities 
between  100  foot  stations  along  tiie  highway. 
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E;^UIPM':MT 

Aerial  Camera 

A  precision  aerial  camera  of  distortion-free  or  nearly 
distortion-free  characteristics  is  required  in  the  initia- 
tion of  an  aerial  survey.   For  hi,.:h\vay  surveys,  caineras  of 
six-inch  focax  1 .ngth  and  cycling  times  not  in  excess  of 
two  to  three  seconds  are  usually  specified.   The  short  focal 
length  with  its  wide  angular  field  yields  better  vertical 
mapping  accuracy  and  gives  complete  coverage  with  fewer 
photos.   The  fast  cycxing  time  permits  ±ower  flying  altitudes 
for  large  scaj.e  photography  and  higher  aircraft  speeds  for 
more  stable  fxight. 

A  modified  K-i7C  government  surpxus  aerial  camera  was 
used  by  the  Indiana  State  Highway  Department  to  obtain  photo- 
graphy for  the  study  section.   The  Bausch  and  Lomb  Metrogon 
Lens  used  in  the  camera  has  a  nominal  focal  length  of  six 
inches  and  a  maximum  aperture  of  f/o.3.   The  camera  has  a 
minimum  re-cycle  time  of  1  1/4  seconds. 

A  report  by  the  National  Bureau  of  Standards  on  the 
distortion  characteristics  and  resolving  power  of  the  camera 
is  summarized  in  Tables  1  and  2.   Table  1  gives  the  image 
displacements  in  millimeters  from  distortion-free  positions 
at  7.5   interva;;.s  from  the  center  of  the  plate.   The  probable 
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error  for  these  values  does  not  exceed  +_  .02  millimeters. 
The  values  of  resolving  power  at  7.5°  intervals  from  the 
center  of  the  field  are  shoun  in  Table  2.   These  values  were 
obtained  by  photographing-  test  charts  comprised  of  patterns 
of  parallel  lines.   The  row  marKed  "tangential"  gives  the 
largest  number  of  lines  per  millimeter  in  the  negative  image 
that  can  be  distinctly  resolved  into  separate  linos  when  the 
lines  lie  perpendicular  to  the  radius  drawn  from  the  center 
of  the  field.   Similar  va^ujs  for  lines  lying  parallel  to 
the  radius  are  given  in  the  row  marked  "radial". 


Table  1 

Distortion  Characteristics 
(Millimeters) 


Interval 
Displacement 


7.5° 


15° 


22.5° 


0.00 


0.01 


0.05 


30° 


0.07 


37.5° 


0.05 


Table  2 

Resolving  Power 
(Lines  per  millimeter) 


Interval 

0° 

7.5° 

15° 

22. 

5° 

30° 

37. 

5° 

Tangential 

63 

63 

46 

46 

39 

32 

Radial 

63 

03 

53 

46 

46 

39 

Surveying 

Equipment 

A  level  net  for  vertical  control  was  established  with 
the  use  of  a  Zeiss-Opton  Ni  2  Self-Leveling  Level  and 
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Philadelphia  level  rod.   The  Zeiss  level  automatically  sets 
its  own  line  of  sight  level  by  means  of  a  compensating 
penduliira  prism.   Leveling  operations  are  greatly  expedited 
since  it  is  only  necessary  to  center  a  circular  spirit  level 
approximately . 

A  Wild  T2  theodolite,  a  subtense-bar,  and  a  stadia  rod 
were  used  to  set  up  a  traverse  for  horizontal  control.   The 
distai.ce  between  points  on  the  main  line  of  the  traverse 
was  esoablished  by  usin.t:  the  theodolite  and  subtense-bar; 
side  shots  were  made  by  sighting  on  the  stadia  rod. 

The  Wild  T2  differs  from  conventional  transits  in  that 
both  the  horizontal  and  vertical  circles  are  seen  in  an 
auxiliary  reading  telescope  situated  immediately  adjacent  to 
the  main  telescope.   An  internal  system  of  lenses  and  prisms 
makes  it  possible  to  see  the  two  opposite  positions  of  each 
graduated  circle  simultaneously.   The  Wild  T2  is  commonly 
used  for  second  and  third  order  triangulations  and  other 
surveying  operations  which  require  high  angular  accuracy. 
The  instrument  can  be  read  directly  to  one  second  of  arc. 

The  subtense-bar  may  be  used  with  the  Wild  T2  theodolite 
for  indirect  measurement  of  distances.   The  bar  is  mounted 
horizontally  on  a  tripod  and  at  right  angles  to  the  line  of 
sight  of  the  theodolite.   Targets  located  at  each  end  of  the 
bar  are  separated  by  a  distance  of  exactly  two  meters.   V/ith 
the  aid  of  subtense  distance  tables  or  simple  trigonometry, 
the  angular  distance  between  the  targets  as  observed  \vith 
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the  theodolite  can  be  converted  to  the  horizontal  distance 
between  the  theodolite  and  the  subtense-bar.   VJhere  high 
accuracy  is  desirable,  the  angle  can  be  repeatedly  measured 
and  the  error  diminished  as  desired.   Unlike  direct  stadia 
distance  measurements,  the  distance  obtained  is  a  true  hori- 
zontal distance  and  requires  no  slope  correction.   In  essence, 
•Lhe  subtense-bar  is  a  portable,  short  base  on  which  angles 
are  read  by  a  theodolite.   It  is  of  great  value  in  making 
ground  control  surveys  for  photograninetric  mapping. 

Kelsh  Plotter 

The  standard  Kelsh  plotter  used  in  this  study  is  simi- 
lar in  principle  to  other  types  of  double  projection  plotters 
in  that  the  same  general  methods  for  projecting,  viewing, 
and  measuring  the  stereoscopic  model  are  employed.  Like 
other  plotters  in  its  class,  it  is  capable  of  third  order 
work.   Unlike  the  multiplex  plotter,  the  single  model  Kelsh 
cannot  be  used  to  bridge  control  from  model  to  model.   This, 
however,  is  not  a  serious  limitation  in  highway  work  since 
adequate  control  by  ground  survey  methods  is  usually  avail- 
able.  In  fact,  the  economy  and  ease  of  operation  of  the 
single  model  design,  together  with  other  features  peculiar 
onxy  to  the  Kelsh,  have  made  it  one  of  the  more  popular 
plotting  instruments  in  highway  work. 

The  Kelsh  plotter  and  its  components  are  sho-.m  in  Plate 
II.   The  main  components  of  the  plotter  are:   (1)  the  table 
frame,  (2)  the  table  top,  (3)  the  supporting  frame,  (4)  the 
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(CIRCLED     NUMBERS     REFER    TO     MAIN    ASSEMBLIES    ONLY) 


(i)     TABLE      FRAME 

(2)  TABLE      TOP 

(3)  SUPPORTI  NG      FRAME 

(4)  PROJECTOR  -  TRACK     FRAME 

(5)  PROJECTOR     ASSEMBLIES 

(6)  ILLUMINATI  NG    UNITS 

(7)  GUID  E     RODS 

(8)  TRACING      TABLE 

(9)  PANTOGRAPH 

(10,11)   ELECTRICAL   ACCESSORIES 

(12)  X-  FRAME 

(13)  END    BRACKETS 

(14)  TABLE     FRAME    SUPPORT 

(15)  END     FRAMES 

(16)  SPACING     BARS 


(17)  CLAMP     SCREWS 

(18)  SLOTS 

(19)  LEVELING    SCREWS 
(20)PARALLEL     BARS 

(21)  END   CONNECTING     BARS 

(22)  ADJUSTABLE     FOOT    SCREWS 

(23)  FOOT     PLATES 

(24)  CLAMP    SCREW 

(25)  FINE    X-ADJUSTMENT 

(26)  LOCK     NUTS 
(27)SWING     ADJUSTMENT 
(28)X-TILT    ADJUSTMENT 
(29)Y-TILT    ADJUSTMENT 
(30)LAMP    YOKE 

(31)  COUNTERWEIGHT     BLOCK 


KELSH    PLOTTER    AND    COMPONENT    PARTS 


PLATE       n 
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projector  track  frame,  (5)  two  projector  assemblies,  (6)  two 
illuminating  units,  (7)  two  guide  rods,  (8)  the  tracing 
taole,  (9)  the  pantograph,  and  (10,11)  electrical  accessories. 
The  pantograph  was  not  used  in  this  study. 

The  projection  system  of  the  Kelsh  has  three  unique 
features:  the  use  of  contact  size  dispositives;  moving  il- 
lumination units  that  concentrate  li^'ht  on  a  small  portion 
of  the  model;  and  a  cam  arrangement  for  adjusting  the  prin- 
cipal distance  of  the  projectors  to  compensate  radial  lens 
distortions.   The  contact-size  glass  diapositives,  which 
are  seated  on  top  of  the  projectors,  have  the  same  format 
as  standard  9x9-inch  air-photo  negatives.   The  image  of  the 
diapositives  is  magnified  five  times  in  tlie  process  of  pro- 
jection.  Direct  projection  of  the  entire  9x9-inch  image 
would  require  bullcy  and  impractical  equipment.   The  use  of 
contact-size  diapositives  is  made  possible  by  the  "swinging" 
illuminating  units  which  scan  the  diapositive  wit!)  a  small 
intense  circle  of  light.   The  illuminating  units,  generally 
termed  laraphouses,  are  connected  by  guide  rods  to  the  tracing 
table  in  such  a  manner  that  the  image  is  always  directed 
toward  tlie  platen  of  the  tracing  table,  regardless  of  the 
position  of  the  tracing  table.   The  principal  distances  of 
the  projectors  can  be  lengthened  or  shortened  to  compensate 
the  distortion  at  each  differential  portion  of  the  diapositive 
as  it  is  scanned.   The  desired  variation  in  the  principal 
distance  is  determined  by  the  optical  systems  of  the  projection 
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apparatus  and  the  aerial  camera.   This  variation  is  accom- 
plished by  a  small  aspheric  ball  cam  which  is  designed  to  a 
shape  that  will,  by  mechanical  linkage  to  the  lamphouses  and 
the  tracing  table,  raise  or  lo^;er  the  projector  lens  by  pre- 
determined amounts  for  the  various  angles  through  which  the 
cam  can  be  rotated. 

The  projectors  themselves  are  designed  to  simulate  the 
taking  cameras.   The  projector's  focal  length  is  adjusted  to 
duplicate  that  of  the  camera,  and  for  best  results,  the  pro- 
jector's lens  should  be  identical  to  tho  camera's.   The  pro- 
jectors are  mounted  so  that  they  can  be  adjusted  to  duplicate 
the  spatial  relationship  that  existed  between  camera  stations 
at  successive  exposures  along  the  flight  line.   These  adjust- 
ments as  sho\Am  in  Plate  II  are  called  (27)  the  swing  adjust- 
ment, (22)  the  x-tilt  adjustment,  and  (29)  the  Y-tilt  adjust- 
ment.  The  projectors  used  in  this  study  v/ere  equiped  with 
a  Y-adjustment  to  allow  elimination  of  small  amounts  of  local 
Y-parallax. 

The  viewing  system  of  the  Kelsh  plotter  is  based  on  the 
principle  of  the  anaglyph.   Narrow  beams  of  monochromatic 
light,  one  red  and  one  blue,  are  projected  through  the  dia- 
positives  and  projector  lenses  to  the  platen  of  the  tracing 
table.   The  platen,  a  white  reflecting  disk  about  3  1/2 
inches  in  diameter,  is  raised  or  lov,rered  to  focus  the  two 
independent  images.   By  viewing  the  images  through  glasses 
with  lenses  corresponding  to  the  complimentary  beams  of  light, 
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the  observer  perceives  a  three-dimensional  model.   The 
tracing  tabj.e  can  be  moved  to  observe  any  portion  of  the 
model.   The  intensity  of  each  beam  of  light  can  be  adjusted 
to  different  viewing  positions  by  means  of  a  rheostat. 

A  "floating  mark"  built  into  the  center  of  the  platen 
in  the  form  of  a  small  point  of  li,  ht  provides  the  means  of 
measurement  within  the  model.   Vertical  motion  of  th^e  float- 
ing i.iarK  is  obtained  by  raising  or  lov/ering  the  platen. 
This  motion  is  converted  to  dif f er -nces  in  elevation  in  feet 
by  a  heiij;ht-inuicating  sca^e.   To  determine  the  elevation 
of  a  point  in  the  moael,  the  observer  adjusts  the  position 
of  the  pxaten  so  that  the  floating  mark  is  in  apparent  con- 
tact with  the  point  and  then  reads  the  elevation  from  the 
sca±e.   All  horizontal  measurements  are  fixed  orthographically. 
Horizontal  motions  of  the  tracing  tab^e  can  be  recorded  by 
means  of  a  pencil  mount  3d  vertically  below  the  floating  mark. 

The  performance  of  the  cams  in  compensating  for  radial 
j-ens  distortion  is  on^  of  the  most  important  factors  affect- 
ing the  accuracy  with  which  the  optical  model  can  be  observed 
and  measured.   Before  actual  plotting  was  begun,  the  center- 
ing of  the  cam  follower  was  tested  by  accepted  laboratory 
procedures,  and  the  performance  of  the  cam  was  then  checked 
by  drawing  the  cam  compensation  pattern  which  resulted  from 
the  measurement  of  a  stereoscopic  model  formed  by  a  pair  of 
accurate  grid  diapositives.   The  grid  diapositives  do  not 
contain  the  displacements  introduced  to  the  photography  by 
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the  distortion  inherent  in  the  metrogon  camera  lenses; 
therefore,  the  anticipated  pattern  of  the  surface  of  the 
grid  model  is  the  reverse  of  the  deformation  that  would  be 
expected  from  uncompensated  metrogon  photography. 

A  comparison  of  this  pattern  with  the  desired  compensa- 
tion pattern  for  a  nominal  metrogon  lens  showed  fairly  rood 
agreement.   Moderate  departures  from  the  desired  pattern 
indicated  that  the  cam  followers  were  not  precisely  centered, 
it  was  not  possible  to  affect  a  more  accurate  calibration 
of  the  cams,  however. 

IBM  650 

The  IBM  650  is  a  stored-program,  modified  single-address, 
numerical,  decimal  machine.   It  is  made  up  of  three  units: 
the  read-punch  unit,  the  console  unit,  and  the  power  unit. 
Input  and  output  in  the  form  of  punch  cards  is  through  the 
read-punch  unit.   Computation  and  storage  is  accomplished 
by  the  calculating  units  and  the  rotating  magnetic  drum  of 
the  console  unit.   The  power  unit  supplies  the  power  for  all 
machine  units  and  contains  the  circuitry  for  translating 
the  decimaj.  input  into  machine  code  and  vice-versa. 

As  used  in  connection  with  this  study,  the  earthwork 
program  punch  cards  are  fed  into  the  read-punch  unit  and 
the  program  instructions  are  stored  on  the  surface  of  the 
magnetic  drum  in  the  form  of  t.iagnetic  spot  patterns.   Cross 
section  data  are  fed  in  next.   As  computation  takes  place, 
the  answers  are  stored  on  the  drum.   vVhen  computation  is 
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completed,  the  machine  punches  the  results  on  output  cards. 
These  are  placed  in  a  tabulator  where  the  information  on 
them  is  printed  in  tabular  form. 
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PROCEDURE 

Photography 
Procurement  by  t.he  Indiana  State  Highway  Department  of 
suitable  aerial  photography  and  printing  of  the  corresponding 
diapositives  was  the  first  step  after  the  study  site  had 
been  selected.   The  photography  was  flown  at  an  altitude  of 
1,500  feet  above  average  ground  elevation.   This  altitude 
provided  a  contact  scale  of  1  inch  =  250  feet  and  a  manu- 
script plotting  scale  of  1  inch  =  50  feet.   The  diapositives 
were  made  on  .Oo-inch  sensitized  glass  plates  printed  emul- 
sion side  up.   The  photography  and  diapositives  were,  in 
general,  of  high  quality.   The  corners  of  some  photos  were 
slightly  under-exposed,  but  as  most  cross  section  plotting 
was  near  the  center  of  the  photos,  only  the  observation  of 
elevation  control  points  in  the  darker  corners  was  adversely 
affected.   Crab  and  drift  caused  a  loss  of  the  50  percent 
overlap  needed  for  stereoscopic  coverage  in  one  small  area. 
This  area  was  not  within  the  limits  of  highway  construction 
and  so  did  not  interfere  with  plotting  operations.   The 
crab  and  drift  did  cause  some  difficulty  in  the  orientation 
of  models,  however. 

Field  Control 
Elevation  control  points  must  be  determinsd  for  at  least 


35 


three  well  spaced  points  in  each  stereo-model  to  define  the 
plane  of  the  model  with  respect  to  the  datura,  and  at  least 
two  horizontal  control  points  are  needed  to  establish  the 
scale  and  azimuthal  orientation  of  the  model.   More  than  the 
min -mum  number  of  control  points  is  desirable  for  checking 
purposes.   Photo-points  (i.e.,  horizontal  and  vertical 
ground  control  points)  must  be  identifiable  from  the  ground 
as  well  as  on  the  photos,  and  they  must  be  accessible  from 
the  ground. 

The  selection  of  photo-point  control  was  based  on  a 
study  of  the  air-photos  of  the  study  area.   An  attempt  was 
made  to  select  at  least  four  vertical  control  points,  one 
in  each  corner  of  the  model,  and  two  to  three  horizontal 
control  points  per  model.   This  was  not  always  possible 
since  easily  identifiable  points  in  the  desired  places  were 
sometimes  non-existent  (e.g.,  in  a  cultivated  field  or 
thicka.y  wooded  area).   In  all,  43  vertical  control  photo- 
points  and  26   horizontal  control  photo-points  were  selected 
and  later  surveyed  in  the  field.   Figure  1  shoxvs  tlie  posi- 
tions of  the  photo-points  selected  in  relation  to  the  nine 
models  which  were  plotted. 

A  series  of  level  circuits  tied  into  highway  construc- 
tion bench  marks  were  used  to  determine  the  elevation  of 
vertical  control  photo-points  to  .01  foot.   An  open  subtense- 
bar  traverse  along  the  edge  of  the  highway  established  the 
relative  positions  of  horizontal  control  photo-points  in 
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A     HORIZONTAL      GROUND     CONTROL    POINT 
o      VERTICAL       GROUND    CONTROL     POINT 


PHOTO-  POINT    CONTROL 


FIGURE     I 
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terms  of  distance  and  deflection  angles.   The  distance 
measurements  for  horizontal  control  points  away  from  the 
main  line  of  traverse  were  made  by  the  stadia  method  to  the 
nearest  foot.   The  deflection  and  subtense-bar  angles  of 
the  traverse  v;ere  measured  to  one  second  or  arc.   The  angular 
measurements  were  repeated  three  times  and  averaged  at  each 
instrument  set-up  to  increase  the  accuracy  of  long  shots  and 
provide  a  check  on  instrument  readings.   A  three-man  party 
was  used  for  both  leveling  and  traversing. 

Plotting  Control  Data 
A  continuous  strip  of  tracing  cloth,  18  feet  in  length 
and  40  inches  in  width,  was  used  for  the  photogrammetric 
map  manuscript.   Distance  and  angular  measurements  were  con- 
verted to  coordinates  of  latitude  and  departure  for  conveni- 
ence in  fixing  the  position  of  horizontal  control  points  on 
the  manuscript.   A  north-south  base  line  was  ruled  on  the 
manuscript  and  the  positions  of  the  horizontal  control  points 
were  plotted  as  accurately  as  possible  by  scaling  the  latitude 
and  departure  of  each  point  from  the  bise  line.   The  base 
line  was  positioned  on  the  manuscript  in  such  a  manner  that 
the  features  of  the  highway  were  near  the  center  of  each 
model  where  the  image  is  sharpest  and  distortion  compensa- 
tion is  more  reliable.   The  positions  of  elevation  control 
points  were  not  established  until  after  individual  models 
were  set  up  in  the  plotter.   Since  the  scale  and  azimuthal 
orientation  of  each  model  is  fixed  by  the  horizontal  control 
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points,  the  horizontal  positions  of  vertical  control  points 
can  be  accurately  determined  iron  the  orthographic  projec- 
tion of  the  points  in  the  model. 

PhotoF.rai.'unetric  Plotting 
Perhaps  the  most  important  and  most  time  consuming 
phase  of  the  study  was  the  photograininetric  plotting  of  the 
final  pay  quantities.   Because  of  the  relative  inexperience 
of  the  author  with  photogrammetric  plotting  equipmjnt  and 
the  high  precision  of  measurement  desired  by  the  study, 
extreiTie  care  had  to  be  exercised  in  the  orientation  proce- 
dure and  the  m-iasur^ment  of  <iuantities.   Approximately  15 
percent  of  the  224  liours  of  plotting  ti::i--;  \\fas  consumed  in 
the  orientation  phase.   During  j^lotting,  repeated  measure- 
ments, both  horizontal  and  vertical,  were  often  made  at 
points  where  the  ti^ue  nature  of  construction  and  terrain  was 
in  doubt. 

An  instrument  orientation  procedure  to  reconstruct  the 
same  perspective  conditions  that  existed  between  photographs 
at  successive  exposure  stations  and  to  relate  the  horizontal 
and  vertical  position  of  the  model  to  the  horizontal  and 
vertical  datum  must  precede  the  actual  plotting  of  each 
model. 

The  proper  perspective  conuition  is  achieved  by  "rela- 
tive orientation",  a  systematic  procedure  of  rotational 
movements  of  each  projector  until  the  conjugate  images  of 
the  model  are  made  to  coincide  over  the  entire  model  area. 
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This  procedure  of  "clearing  y-parallax"  was  accomplished  by 
the  " swing- s\"ri.ng"  method  of  relative  orientation  in  which 
the  y-parallax  was  observed  successively  at  each  of  six 
points  in  the  model  and  cleared  by  mrtking  the  proper  swing 
and  tilt  adjustments  of  the  projectors  for  each  point  ob- 
served.  It  was  not  always  possible  to  cxear  y-p'irallax 
completely.   In  such  cases,  an  attempt  \ias   made  to  distri- 
bute the  parallax  evenly  over  th.i  entire  model  area. 

The  f^.odel  fomed  by  the  completion  of  relative  orienta- 
tion has  an  undetermined  scale  and  undetermined  relationship 
to  the  horizontal  and  vertical  control.   To  achieve  "absolute 
orientation,"  the  model  is  brouglit  to  scale  by  moving;  the 
projectors  together  or  apart  along  the  projector  track  frame 
so  that  the  distance  between  model  photo-points  is  made  equal 
to  the  distance  between  their  correspon;iing  plotted  control 
points  on  tlie  manuscript.   At  the  same  time,  the  manuscript 
is  adjusted  in  its  horizontal  plane  to  obtain  an  orthographic 
relationship  between  the  hori:iontal  control  photo-points  in 
the  moaex  an^i  tijeir  pre-plotted  positions  on  the  manuscript. 

The  model  is  brought  into  agreement  with  the  vertical 
control  by  a  procedure  called  "leveling".   An  "index",  or 
reference  elevation,  is  established  by  first  placin;;;  the 
floating  mark  in  apparent  contact  with  the  spatial  position 
of  any  one  of  the  vertical  control  points  of  the  model  and 
then  setting  the  vertical  reading  of  the  height  counter  to 
agree  with  the  kno^vn  elevation  of  that  point.   Vertical 
readings  of  other  control  points  in  the  model  indicate,  by 
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the  amount  of  their  failure  to  agree  with  kno\^m  elevations, 
how  the  model  must  be  leveled  to  agree  v\fith  the  vertical  con- 
trol.  The  model  is  leveled  to  the  proper  position  by  adjust- 
ing the  support  screws  of  the  projector  track  frame. 

Not  all  of  the  vertical  control  points  could  be  made 
to  agree  with  their  known  elevations.   In  such  cases  the 
discrepancies  in  elevation,  usually  not  more  than  a  few 
tenths  of  a  foot,  were  distributed  as  evenly  as  possible 
among  all  of  the  vertical  control  points  of  the  model. 

After  the  absolute  orientation  of  each  model  had  been 
completed,  the  actual  plotting  of  final  pay  quantities  was 
begun.   Figure  2  illustrates  the  manner  in  which  the  quanti- 
ties were  plotted  on  the  manuscript. 

The  planimetric  outline  of  the  pavement  was  first  drawn 

on  the  manuscript  by  plotting  points  about  one  inch  apart 
to  delineate  the  centerline  and  edges.  These  points  were 
then  connected  by  using  a  straight  edge  or  highway  curves 
on  the  curved  portions. 

Cross  section  lines  were  drawn  at  right  ang_es  to  the 

centerline  at  the  proper  centerxine  stations  as  indicated  by 
the  highway  level  books.   Correct  positioning  of  the  cross 
section  stations  was  achieved  by  referencing  permanent  sta- 
tion marks,  which  were  stamped  on  the  pavement  at  500  foot 
intervals,  to  the  horizontal  ground  control. 

Spot  elevations  were  read  to  0.1  foot  along  the  cross 
section  lines  at  the  centerline  station,  pavement  edges, 
and  at  significant  changes  in  the  profile  of  the  cross  sec- 
tion line.   The  elevation  readings  were  extended  far  enough 
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/\         HORIZONTAL      CONTROL     POINT 
O         VERTICAL     CONTROL      POINT 


DETAIL   OF    PORTION    OF    MANUSCRIPT 

FIGURE    2 
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on  either  side  of  th3  centerline  to  include  any  terrain 
which  indicated  earthwork  movements.   The  position  of  the 
reading  point  was  marked  on  the  cross  section  line,  and  the 
elevation  and  the  scaled  distance  of  the  point  from  the 
centerline  were  recorded  on  the  right  and  left  of  the  point 
respectively  as  sho\\m  in  Figure  2. 

Special  borrov/  pits  were  plotted  in  the  same  manner, 
except  that  the  cross  section  lines  were  referenced  to  a 
base  line  rather  than  the  centerline  of  the  highway. 

The  planiraetric  features  of  other  final  pay  items  were 
delineated  on  the  manuscript  by  guiding  the  tracing  table  so 
that  the  floating  mark  and  plotting  pencil  followed  the 
feature  being  compiled.   Durinr  this  plotting  operation,  the 
floating  mark  was  kept  in  apparent  contact  with  the  feature 
being  compiled  so  that  a  true  orthographic  projection  would 
result.   The  dimensions  of  these  items  were  not  recorded  on 
the  manuscript  at  the  time  of  plotting  but  were  later  measured 
and  tabulated  upon  the  completion  of  each  model.   Large  ir- 
regular-shaped areas,  such  as  sodding,  were  planimetered 
several  times  and  averaged  to  increase  the  accuracy  of 
measurement.   Areas  of  more  constant  dimensions  \-fere   subdivided 
into  simple  geometric  shapes  for  scaling  and  computation. 
Paved  side  ditch,  guard  rail  and  curbing  were  measured  in 
the  linear  direction  only.   Guide  posts  were  outlined  and 
counted. 

The  engineer's  scale  used  for  making  horizontal  measure- 
ments on  the  manuscript  had  5^   divisions  to  the  inch,  thus 
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allowing  direct  raeasureraent  to  one  foot  and  estimation  to 
the  nearest  0.5  ioot.   The  horizontal  measurements  for  locat- 
ing the  position  of  cross  section  elevations  were  made  to 
the  nearest  foot  while  other  horizontal  measurements  were 
made  to  the  nearest  O.j   foot. 

Organization  of  Data 
To  facilitate  card  punching  for  computer  input,  the 
cross  section  data  were  tabulated  in  the  form  used  by  the 
Indiana  State  Highway  Department  for  presentation  of  earth- 
work data.   This  form  with  a  sample  tabulation  of  cross 
section  data  from  the  manuscript  is  sliown  in  Figure  3. 
Elevations  are  placed  above  their  corresponding  horizontal 
coordinates  in  rows  to  the  right  of  the  station  number  and 
base  elevation  for  each  respective  cross  section.   Any  number 
of  rows  may  be  used  to  represent  a  single  cross  section  as 
long  as  the  data  are  arranged  in  order  from  left  to  right 
as  it  appears  on  the  cross  section  line.   The  base  elevation 
for  eacii  cross  section  line  is  determined  so  that  no  eleva- 
tion reading  exceeds  three  digits.   If  readings  below  the 
base  elevation  occur,  they  are  subtracted  from  the  base  and 
g-Lven  a  minus  designation.   The  earthxvork  program  used  for 
electronic  computation  required  that  the  original  terrain 
cross  sections  extend  far  enough  on  either  side  of  the  center- 
line  to  include  the  terminal  elevation  readings  of  the  tem- 
plate sections.   To  conform  with  this  requirement  it  was 
necessary  to  cut  some  template  sections  short  by  interpolation 
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between  the  template  elevation  readings  on  either  side  of 
the  terminal  terrain  elevation. 

Four  earthwork  data  books,  alike  in  format,  were  com- 
piled from  the  manuscript  data  and  the  highway  cross  section 
books.   The  data  book  designated  "Unadjusted  Template  Data" 
was  compiled  from  the  photogrammetric  cross  section  data  of 
the  manuscript.   The  book  designated  "Adjusted  Template 
Data"  was  compiled  from  the  manuscript  data  by  adjusting 
each  cross  section  by  an  amount  equal  to  th:  error  at  the 
centerline.   The  books  designated  "Field  Terrain  Data"  and 
"Field  Template  Data"  resulted  from  the  conversion  to  eleva- 
tion readings  of  the  rod  readings  of  the  original  and  final 
field  cross  sections  of  the  highway  cross  section  books. 
Three  separate  sets  of  earthwork  quantities  were  determined 
by  combining  each  of  the  three  template  data  books  with  the 
terrain  data  book.   Figure  4  is  a  diagrammatic  illustration 
of  the  cross  sectional  areas  produced  by  combining  these 
three  sets  of  earthwork  data. 

The  cross  section  data  were  broken  down  for  computa- 
tional purposes  into  four  separate  sections  in  each  book: 
Line  "F"  (station  445+00  to  station  4^3+03);  Line  "A" 
(station  4^0+15  to  station  53^+55 );  Line  BP-3  (station  0+00 
to  statxon  2+76);  and  Line  BP-4  (station  $30+50  to  station 
536+00).   The  main  line,  or  centerline,  of  the  high\vay  was 
divided  into  two  sections,  Line  "F"  and  Line  "A",  by  a 
station  equation  (station  4^3+03  Line  "F"  =  station  4^0+15 
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O  UNADJUSTED    TEMPLATE   DATA 
(PHOTOGRAMMETRIC    READINGS) 


n 
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FIGURE     4 
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Line  "A").   BP-3  and  3P-/f  are  borrow  pit  designations. 

Before  the  non-earthwork  quantities  could  be  transferred 
to  tables  for  comparison,  the  orthographic  measurements 
from  the  manuscript  had  to  be  corrected  for  slope.   For 
quantities  such  as  curbing,  pavement,  guard  rail,  and  paved 
side  ditch  v^ere  the  slope  was  fairly  constant,  the  correc- 
tion was  usually  determined  by  the  difference  in  elevation 
between  the  terminal  points  of  the  item  measured,   \fliere 
there  were  significant  changes  in  slope  between  the  terminal 
points,  it  was  necessary  to  determine  the  slope  correction 
for  each  segment  which  exhibited  different  slope  character- 
istics.  The  procedure  for  determining  slope  correction  for 
sodding  was  somewhat  different  in  that  a  correction  had  to 
be  applied  to  both  the  width  and  length  of  the  sodded  area. 
Since  most  sodding  occurred  in  side  ditches  and  on  shoulder 
edges  where  the  transverse  slope  profile  was  fairly  constant 
(i.e.,  2  to  1  or  4  to  1),  a  standard  slope  correction  was 
applied  to  the  transverse  dimension  and  the  longitudinal 
slope  correction  was  determined  in  the  manner  described 
above. 

Vertical  Accuracy  Study 
In  addition  to  the  actual  comparison  of  final  pay 
quantities,  a  statistical  analysis  of  vertical  accuracy  was 
undertaken.   Vertical  accuracy  is  perhaps  one  of  the  most 
critical  considerations  in  the  determination  of  earthwork 
quantities,  and  it  is  also  an  important  factor  in  the 
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determination  of  slope  corrections  for  other  quantities. 
There  are  no  accepted  standards  by  which  to  judge  the  verti- 
cal accuracy  of  spot  elevation  readings;  however,  the  stand- 
ards for  vertical  accuracy  of  contour  mapping  are  well 
established  and  may  be  used  as  an  indication  of  the  preci- 
sion with  which  spot  elevations  may  be  read.   Certain  statis- 
tical measures  may  also  be  used  as  an  indication  of  precision, 

The  analysis  was  accomplished  by  a  comparison  of  field 
centerline  and  base  line  elevations  vi^ith  corresponding 
photogrammetric  elevations.   The  difference  or  "error"  in 
the  239  elevation  readings  tested  was  treated  as  a  random 
sample  from  the  population  of  possible  centerline  and  base- 
line elevation  readings.   The  mean,  variance,  standard 
deviation,  and  range  of  the  errors  were  computed,  and  the 
type  and  distribution  of  errors  was  investigated  by  tests 
on  the  means  and  variances  of  the  individual  models  and  on 
the  variances  within  a  single  model. 
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ANALYSIS  AND  RESULTS 

Vertical  Accuracy  Study 

The  variabla  unaer  consideration  in  this  analysis  was 
the  difference  in  elevation  between  the  239  centerline  and 
baseline  elevation  points  as  measured  by  field  survey  methods 
and  photogrammetric  methods.   These  points  were  selected  for 
comparison  because  both  types  of  readings  were  made  at  iden- 
tical locations  along  the  centerline  and  baselines.   It  has 
been  assumeci  for  the  purposes  of  this  analysis  that  the 
elevation  readings  taken  by  field  survey  methods  represent 
the  true  elevation  values,  and  as  such,  may  be  used  as  a 
standard  with  which  to  compare  the  phot ogrararae trie  values. 
For  this  reason,  the  differences  between  the  field  survey 
readings  and  the  photogrammetric  readings  are  referred  to 
as  errors. 

Inaccuracies  in  any  system  of  measurement  may  be  classi- 
fied as  random  errors,  systematic  err-ors,  and  blunders. 
Random  ei'rors,  or  errors  due  to  chance,  can  be  expected  to 
exhibit  the  distrioution  characteristics  of  the  normal  fre- 
quency distribution  with  a  mean  of  zero  and  a  symmetrical, 
bell-shaped  distribution  of  errors  on  either  side  of  the 
mean.   The  importance  of  a  normal  distribution  of  errors  is 
emphasized  by  the  fact  that  this  distribution  will  tend  to 
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have  a  compensating;  effect  on  the  total  error  in  photogram- 
metric  earthworK  quantities.   Systematic  errors  can  generally 
be  traced  to  assignable  causes  and  corrective  measures  can 
be  taKen.   Blunders  in  photograminetric  measurements  can  be 
reduced  to  a  minimum  by  careful  operation  of  t!ie  photogram- 
metric  plotting  equipment. 

In  the  analysis  of  a  large  group  of  data,  it  is  desir- 
able to  condense  the  data  into  a  meaningful  form  v^hich  is 
characteristic  of  the  entire  group.   A  descriptive  presenta- 
tion of  the  elevation  error  data  is  given  in  Table  3  and 
Figures  5  and  b. 

The  frequency  distribution  tabulation  of  Table  3  shows 
the  frequency  of  each  error  vaxue,  the  per  cent  of  the  total 
for  each  error  value,  and  the  cumulative  fre'^uency  per  cent. 
The  small  ran;:e  of  errors  in  this  distribution  mirht  be 
interpreted  to  mean  that  the  photograinraetric  readings  were 
relatively  free  from  large  blunders. 

Trie  data  of  Table  3  were  used  to  plot  the  frequency 
polygon  of  Figure  5  which  demonstrates  the  general  conformity 
of  the  elevation  errors  to  the  symmetrical  bell-shape  of  the 
normal  curve. 

Figure  6  is  the  same  frequency  distribution  plotted  in 
cumulative  form  with  the  abscissa  scale  graduated  according 
to  tho  area  under  a  normal  distribution  curve.   The  points 
were  plotted  on  the  basis  of  cumulative  per  cent  less  than 
the  class  boundaries  of  the  errors  start inr  with  the  minus 
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TABLE  3 
Frequency  Tabulation  of  Elevation  Errors 


Error 
(Feet) 

Frequency 

io   of  Total 

Cumulative  io 

.6 

5 

2.1 

2.1 

-   .5 

6 

2.5 

4.6 

-  .4 

7 

2.9 

7.5 

-  .3 

14 

5.9 

13.4 

-   .2 

32 

13.4 

2o.8 

-   .1 

34 

14.2 

41.0 

0 

42 

17.0 

5B.O 

.1 

34 

14.2 

72.8 

.2 

29 

12.1 

S4.9 

.3 

x7 

7.1 

92.0 

.4 

8 

3.4 

95.4 

.5 

6 

2.5 

97.9 

.0 

4 

1.7 

99.6 

.7 

1 

.4 

100.0 

Range 

Total 

Total 

1.3 

239 

100.0 

45 

40 

35i 

>     30H 
O 

O     20- 

UJ 

10- 
5- 


.8        .7        6        .5        4        .3        .2         I  0      -I      -.2     -.3      -4     -5      -:6      -7      -« 

ELEVATION      ERROR      IFEET) 

FREQUENCY   POLYGON    OF  ELEVATION    ERRORS 

FIGURE     5 
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values.   The  distribution  of  the  elevation  errors  is  in  close 
agreement  with  the  normal  distribution  function  which  is 
shovm  by  a  broken  straight  line. 

The  accuracy  of  photogranmetric  plotting  is  frequently 
evaluated  in  terms  of  a  C-factor  which  is  defined  as  the 
flying  height  divided  by  the  contour  interval.   The  accuracy 
of  the  contour  line  and  the  magnitude  of  the  contour  inter- 
val is  specified  indirectly  by  the  National  Map  Accuracy 
Standards  which  state  that  90  per  cent  of  the  points  tested 
must  be  within  one-half  ce-)ntour  interval  of  the  true  eleva- 
tion (1).   Although  this  study  is  concerned  with  spot  eleva- 
tion accuracy  rather  than  contour  line  accuracy,  an  inter- 
esting comparison  can  be  made  between  the  accepted  C-factor 
values  for  contour  plotting  and  the  C-factor  calculated  on 
the  basis  of  the  frequency  distribution  of  the  elevation 
errors.   Kelsh  plotter  C-f actors  as  used  in  large  scale 
mapping  range  from  750  to  1500  depending  upon  the  quality 
of  the  photography,  plotting  control,  and  other  variables. 
However,  a  C-factor  of  1200  is  customarily  employed  for  most 
plotting  operations  (5). 

Approximately  90  per  cent  of  the  points  tested  fall 
within  an  error  range  of  ^   .45  feet  as  estimated  from  the 
cumulative  frequency  distribution  of  Figure  6.   According 
to  the  National  Map  Accuracy  Standards,  this  would  allow  a 
usable  contour  interval  of  0.9  foot.   At  a  flying  height 
of  1500  feet,  the  calculated  C-factor  is  "Approximately  1670, 
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a  comparatively  high  value. 

Probably  the  first  requirement  for  any  method  of  measure- 
ment is  that  the  dispersion  or  scatter  of  the  measurements 
be  small  and  that  the  central  location  of  this  dispersion 
be  near  the  true  value  of  the  measurement,  Ti^ere  repeated 
measurements  are  made,  they  should  be  reproducible,  i.e., 
repeated  measurements  of  the  same  quantity  should  not  differ 
too  much  from  one  another.   The  ability  of  a  method  of  men- 
suration to  produce  measurements  with  a  small  dispersion 
about  the  true  value  is  referred  to  as  the  precision  of  the 
method. 

Where  the  central  location  of  the  measurements  is  not 
near  the  true  values,  systematic  errors  may  be  present. 
Typical  of  this  type  of  error  in  measurement  would  be  those 
due  to  incorrect  distortion  compensation  or  improper  absolute 
orientation  in  the  photograraraetric  plotter. 

The  variance,  standard  deviation,  and  range  are  statis- 
tics which  may  be  used  to  measure  the  dispersion  of  a  group 
of  measurements.   The  mean  is  a  typical  value  which  repre- 
sents the  location  of  the  measurements  as  a  whole.   Since 
the  precision  of  a  method  of  measurement  is  determined  by 

the  dispersion  and  location  of  the  results  it  produces,  the 
above  mentioned  statistics  are  a  convenient  indication  of 
the  precision  of  the  method. 

The  centerline  and  baseline  elevation  errors  were  pro- 
cessed to  yield  values  of  the  mean,  variance,  standard  devia- 
tion, and  range  for  the  entire  project  and  for  individual 
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models  and  borrow  pits.   This  subdivision  of  the  data  was 
used  because  each  model  was  independent  of  all  other  models 
in  the  study.   Differences  in  accuracy  mi.'^ht  be  expected 
since  each  model  was  separately  oriented  and  the  quality  of 
the  diapositives  varied  from  model  to  model.   Separate  model 
set-ups  were  used  in  the  measurement  of  borrow  pit  quantities, 

Table  4  lists  the  mean,  variance,  standard  deviation, 
and  range  for  the  nine  models  and  two  borrow  pits  and  for 
the  entire  project.   The  means  for  the  individual  models 
ran£;ed  from  -.144  feet  to  .257  feet  and  the  standard  devia- 
tion ranged  from  .120  feet  to  .314  feet.   The  mean  for  the 
entire  project  was  .Ou9  feet  with  a  stanaard  deviation  of 
.252  feet.   The  range  in  errors  was  1.3  ft-'et. 

It  is  possible  to  draw  statistical  inferences  from  the 
data  if  certain  qualifying  assumptions  are  made.   Since  sta- 
tistical ini'erejiCe  is  based  upon  the  laws  of  probability  it 
is  necessary  that  the  sample  data  be  random,  i.e.,  each 
measurement  from  the  possible  population  of  measurements  has 
an  equal  char.ce  of  being  selected  for  the  sample.   The  eleva- 
tion data  for  this  analysis  could  not  be  fully  treated  as  a 
random  sample  since  only  centerline  and  baseline  points  were 
included  in  the  sample.   However,  it  was  thought  that  the 
data  might  be  treated  as  a  random  sample  from  a  population 
of  measurements  restricted  to  centerline  and  baseline  eleva- 
tions points  only.   The  data  were  tested  on  this  premise  by 
the "theory  of  runs"  and  it  was  found  that  the  239  elevation 
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TABLE  4 
Vertical  Accuracy  Measures 


Model 

No.  Pts. 
Tested 

Mean 
5 

Variance 
s^ 

Std.  Dev. 
s 

Range 

1 

20 

.lo5 

.0984 

.314 

1.1 

2 

26 

-.108 

.0144 

.120 

.5 

3 

25 

.188 

.0629 

.251 

.9 

4 

23 

-.117 

.0377 

.194 

.8 

5 

16 

-.144 

.0207 

.163 

.6 

6 

32 

.012 

.0250 

.158 

.6 

7 

36 

.089 

.0331 

.182 

.6 

8 

20 

-.220 

.0974 

.312 

.9 

9 

23 

-.030 

.0213 

.146 

.9 

3P-3 

7 

.257 

.0633 

.252 

.6 

BP-4 

11 

.155 

.0750 

.274 

.8 

Entire 
Project* 

239 

.009 

.0035 

.252 

1.3 

*  111!  data  treat-id  as  a  singxe  sample  for  computing  variance 
and  standard  aeviation. 
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errors  generally  exhibited  random  characteristics  according 
to  the  criteria  of  the  test  (2).   Even  so,  there  was  some 
question  as  to  whether  the  sample  was  random  since  some 
points,  by  virtue  of  their  location  along  the  centerline  and 
base  lines,  were  more  likely  to  be  chosen  than  others.   This 
of  course,  limits  the  value  of  any  statistical  inferences 
that  mirht  be  uiade. 

On  the  assumption  that  the  data  did  constitute  a  random 
sample,  tests  were  conaucted  unaer  the  hypothesis  that  the 
mean  errors  for  the   inuividual  models  and  for  the  entire  pro- 
ject were  either  enua].  or  not  e  jual  to  zero.   These  tests 
indicated  that  the  mean  error  for  the  entire  sample  was  not 
significantly  different  from  zero  at  the  five  per  cent  level 
of  significance   but  that  the  mean  errors  for  most  of  the 
models  were  significantly  different  from  zero.   Table  5 
shows  a  tabulation  of  the  tests  on  the  means.   Since  the 
range  of  errors  would  indicate  that  no  serious  blunders  were 
made,  these  tests  would  seem  to  indicate  that  systei.aatic 
errors  were  operative  in  all  models  but  model  six  and  model 
nine  where  the  means  were  not  significantly  different  from 
zero.   It  appears  that  the  systematic  errors  compensated 
each  other  in  such  a  manner  that  the  mean  of  all  errors  was 
practically  zero. 

The  existence  of  systematic  errors  and  the  subsequent 
variation  among  tlie  means  can  be  more  definitely  established 


'*'  The  probability  of  an  error  in  mean  elevation  as  large  or 
larger  than  that  observed  being  due  to  chance  alone  is 
five  per  cent  or  less. 
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TABLE  5 
Test  of  Means 
HYP.:  >i  =  0,  ALT.  HYP.:   ;i  7^  0, 


<VC=  .05 


No.  of 

Model 

Points 
Tested 

t 

tn-l,.10 

Significance 

1 

20 

2.37 

1.73 

Significant 

2 

26 

4.59 

1.71 

Significant 

3 

25 

3.75 

1.71 

Significant 

4 

23 

2.88 

1.71 

Significant 

5 

16 

3.53 

1.75 

Significant 

6 

32 

0.43 

1.70 

Not  Significant 

7 

36 

2.93 

1.D9 

Significant 

8 

20 

3.14 

1.73 

Significant 

9 

23 

0.99 

1.72 

Not  Significant 

BP-3 

7 

2.69 

1.69 

Significant 

BP-4 

11 

1.87 

1.30 

Significant 

Entire 

Project 

239 

0.55 

1.05 

Not  Significant 

>^  = 

Population 

mean 

4-   — 

x-0 

t  - 

s^ 

^n-1  10  ~  i^^rcentage  points  of  the  Student  t-Distribu- 
tion  for  a  one-tailed  test  at  t!ie  five 
percent  level  of  significance. 
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by  a  method  known  as  analysis  of  variance  (2).   To  carry  out 
this  analysis  it  is  necessary  to  assume  a  model  for  the  data 
which  describes  each  observation.   This  model  may  be  stated 
in  equation  form  as  follows:  ^ -o,  =,^+  4-  ■*"  S.^^^,      Each 
observation  X^oi  ^^  ^^^^  s^™  °^  ^^  overall  mean^^^,  a  syste- 
matic error  ^^  which  represents  the  variation  due  to  the 
class  in  which  the  observation  occurs,  and  a  random  error 
£  .        which  represents  the  variation  of  any  particular  obser- 
vation frcm  the  average  value  of  the  class  in  which  it  occurs. 
It  is  further  assumed  that  each  class  is  a  sample  from  a 
normal  distribution  with  raean-^^+  ^.    and  variance  cr      and 
that  the  components  of  ^j^c^;  ^^^  random  variables.   The  two 
components  of  variance,  <^  .  and  ^^(-^  ,  are  estimated  and  a 
significance  test  is  made.   Table  6  shows  the  analysis  of 
variance  and  the  significance  test  at  the  five  percent  level 
of  significance  in  which  the  data  were  classified  according 
to  plotter  models  and  borrow  pits.   This  test  indicates 
that  there  was  definitely  an  increase  in  the  overall  varia- 
tion due  to  the  different  model  classifications. 

TABLE  6 
Analysis  of  Variance 
Model  Assumed:  X.^     =y^  +  ^  i  "^  ^  iof     <X=  .05 

Source  of  Estimate      f^^~^            W^^            Mean  Square 
^K^MUi       Squares   of  Freedom 2. 

Between  Classes  Sj_       4.36       10  .436 

Within  Classes  s^i^)  10.76      228  .047 

Total 15.12 22a 

^10,228.05  =  l-^^  ^10,228  =  7047  =  9. 24  Highly  Significant 
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The  homogeneity  of  variation  was  examined  by  Bartlett's 
test  and  it  was  founa  that  the  variances  of  the  eleven  models 
were  significantly  different  at  the  five  percent  level  (2), 
The  non-homogeneity  of  the  variances  and  the  existence  of 
systematic  errors  would  seen  to  indicate  that  the  precision 
of  elevation  reading  is  dependent  to  a  certain  extent  upon 
the  individual  model. 

To  test  the  precision  of  elevation  readings  v^ithin  the 
model,  repeated  elevation  readings  were  made  at  nine  points 
selected  at  random  from  nine  subdivisions  of  a  single  model 
area.  Ten  independent  readings  were  made  at  each  point. 
The  variances  were  computed  and  analyzed  by  Bartlett's  test. 
Again,  the  variances  were  found  to  be  significantly  differ- 
ent at  the  five  per  cent  level. 

The  results  of  this  test  would  seem  to  indicate  that 
the  variation  in  the  precision  of  elevation  readings  is  de- 
pendent not  only  upon  the  model  but  also  upon  the  point  at 
which  the  reading  is  made  within  the  model.   This  would  tend 
to  coincide  with  actual  plotting  experience  in  which  it  was 
observed  that  the  elevations  of  some  points  were  more  dif- 
ficult to  determine  than  others  because  of  the  varying 
degree  of  ground  cover  and  image  clarity  and  the  lack  of 
contrast  in  tone  and  terrain. 

The  data  and  analysis  for  this  test  and  the  preceding 
test  are  shown  in  Tables  II  and  III  of  the  Appendix, 
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Earthwork  .quantities 

Earthwork  quantities  were  raeasured  ana  compared  on  the 
basis  of  individual  sections  between  succeeding  cross  sec- 
tions ana  groupings  of  the  individual  sections  by  photogram- 
metric  models  and  by  various  classifications  of  excavation 
and  enbanKment.   The  adjusted  end   unadjusted  photogranmetric 
quantities  for  the  inaividual  sections  were  compared  with 
the  construction  record  quantities  ana  the  field  quantities 
which  wei'e  computed  electronically  from  the  field  cross  sec- 
tion notes.   Oniy  excavation  quantities  were  compared  with 
tfie  construction  record. 

Table  I  in  the  appen  lix  shows  the  comp'irisons  of  the 
individual  sections.   The  total  excavation,  exclusive  of 
the  borrow  pits,  was  lox,85o  yards  for  the  construction  record 
and  148, ou4  y^irds  for  the  field  quantities  compared  to  145,752 
yards  for  the  adjusted  photogrammetric  quantities  and  143,524 
yarus  for  the  unadjusted  photogrammetric  quantities.   The 
adjusted  ana  unadjusted  photogranmetric  quantities  were  in 
error  from  the  coi-istruction  record  by  -9.9  and  -11.3  percent 
respectively,  and  they  were  in  error  from  tlie  field  quanti- 
ties by  -2.0  and  -3.5  perceiit  respectively.   The  total  em- 
bankment for  the  field  quantities  was  252,303  yards  compared 
to  247,340  for  the  adjusted  i)hotogrammetric  quantities  and 
24u,002  yards  for  the  unadjusted  photogrammetric  quantities 
for  errors  of  -2.0  and  -2.5  percent  respectively. 

The  excavation  quantities  for  the  two  borrow  oits,  also 
shown  in  Table  I,  yielded  a  somewhat  better  comparison  between 


62 


the  photogramraetric  quantities  and  the  construction  record 
quantities.   The  totals  for  Borrow  Pit  3  were  13,^60  yards 
for  the  construction  record  and  13,5^5  yards  for  the  field 
quantities  compared  to  13,689  yards  and  13,319  yards  for  the 
adjusted  and  unadjusted  photogramraetric  quantities.   The 
adjusted  and  unadjusted  photograminetric  quantities  were  in 
error  from  the  construction  record  by  3 . 2  and  0.4  percent 
and  from  the  field  .uantities  by  O.S  and  -2.0  percent  re- 
spectively.  The  totaj.s  for  Borrow  Pit  4  were  26,St>l  and  30,077 
yards  for  the  construction  record  and  tlie  field  quantities 
Compared  to  28,124  yards  and  28,109  yards  for  the  adjusted 
and  unadjusted  photograminetric  quantities.   The  adjusted  and 
unadjusted  photograranetric  quantities  v;ere  in  error  from 
the  construction  record  by  4.7  and  4.0  percent  and  they  were 
each  in  error  from  the  field  quantities  by  -0.5  percent. 

The  poor  comparison  between  the  construction  record  and 
the  field  and  pliotogrammetric  quantities  in  excavation  is 

due  in  large  part  to  the  shortened  cross  sections  which  had 
to  be  used  in  many  pl;ices  to  allov;  machine  computation  of 

uantities  as  ex;'lained  previously  in  the  section  on  pro- 
cedure.  It  would  have  been  possible  to  extend  the  terrain 
cross  sections  to  meet  the  slope  stake  points  of  the  template 
cross  sections  so  that  all  template  readings  would  have  been 
covered,  but  this  involves  an  element  of  uncertainty  as  to 
the  true  nature  of  the  terrain  at  t'le  outer  extremities  of 

the  cross  sections.   Since  the  field  cross  sectional  areas 
were  computed  using  the  same  shortened  terrain  data  as  the 
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photogra:Timetric  cross -sectional  areas,  it  is  felt  that  a 
setter  indication  of  photogratnmatric  accuracy  and  reliability 
is  j^iven  by  the  comparison  of  field  quantities  anci  photo- 
grainmetric  quantities. 

The  percentage  errors  used  in  making  the  comparisons  of 
earthwork  quantities  may  be  very  misleading  if  not  interpreted 
with  any  consideration  for  the  size  of  the  quantities  in- 
volved.  This  is  especially  true  of  very  small  quantities 
where  an  error  of  a  few  yarus  can  result  in  a  very  large 
percentage  error.   In  many  instances  where  the  quantities 

used  as  a  basis  of  comparison  were  zero,  the  resulting  per- 
centage errors  were  incaiculabie .   On  the  other  hand,  very 
large  q.jantities,  such  as  tiie  total  yardage  for  the  entire 
project,  may  show  a  low  percentage  error  and  yet  have  a 
yardage  error  that  might  be  considered  undesirably  large  for 
pay  purposes.   Although  the  percentage  error  netb.od  has  this 
inherent  defect,  it  is  the  only  metiioa  available  for  evaluat- 
ing earthworK  quantity  comparisons. 

Large  percentage  errors  were  generally  associated  with 
small  earthwork  quantities  and,  conversely,  small  percentage 
errors  were  generally  associated  with  large  earthwork  quan- 
tities.  Table  7  lists  the  number  of  individual  earthwork 
sections  from  a  total  of  236  which  were  in  error  more  than 
ten  percent  for  quantities  in  excess  of  100  and  200  yards. 

There  is  a  noticeable  drop  in  the  number  of  errors 
which  were  greater  than  ten  percent  for  quantities  in  excess 
of  200  yards. 
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TABLE  7 
Magnitude  of  Errors 


Number  of  Sections  in  Error  Wore  Than  Ten 
Earthwork Percent ., 

Unad j .  and    Adj.  and      Unadj.  and  Adj.  and 
Const.  Kecord  Const.  Record   Field Field 

Greater  than 

lOu  yards       50  6?  31         13 

Greater  than 

200  yards       45  43  20  6 


Although  the  adjusted  photograitimetric  quantities  did 
not  reduce  the  magnitude  of  the  errors  for  the  construction 
record  comparisons,  a  considerable  improvement  resulted  from 
adjustment  in  the  field  comparisons. 

An  examination  of  the  indiviaual  sections  of  Table  I 
will  show  that  the  photogrammetric  quantities  even  after 
adjustment,  were  generally  less  in  both  excavation  and  em- 
bankment than  the  corresponding  construction  record  and  field 
quantities.   In  search  of  an  explanation  for  this  peculiar 
characteristic,  it  was  observed  that  the  positions  of  shoulder, 
ditch,  and  slope  stake  points  were  generally  closer  to  the 

centerline  for  the  photogrammetric  determinations  than  for 
the  same  points  as  indicated  by  the  field  cross  section 

books.   This  would  account  for  a  reduction  in  cross-sectional 
areas  and  a  subsequent  reduction  in  yardage.   Since  tlie 
horizontal  positions  of  these  points  could  have  been  in 
error  for  either  the  field  or  the  photograuiraetric  determina- 
tions, it  can  only  be  speculated  as  to  which  is  more  nearly 
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correct.   However,  there  is  sometimes  a  tendency  to  measure 
along  the  slope  rather  than  horizontally  when  measuring  the 
positions  of  rod  readings  in  the  field.   This,  of  course, 
places  the  positions  of  the  rod  readings  farther  from  the 
centerline  than  they  actually  are. 

Further  examination  of  the  individual  sections  revealed 
that  many  of  the  adjusted  quantities  were  in  error  more  than 
the  unadjusted  quantities.   In  fact,  the  cumulative  total 
over  the  entire  project  for  the  adjusted  quantities  was  in 
greater  error  than  the  unadjusted  quantities.   Of  the  197 
cross  sections  which  were  adjusted,  5^  were  in  the  wrong 
direction  (i.e.,  tho  cross -sectional  area  was  reduced  when 
it  should  have  been  incr^eased  and  vice  versa).   Of  the  141 
adjustments  in  the  right  direction,  20  over-corrected  and 
caused  the  error  in  cross-sectional  area  to  be  larger  than 
the  unadjusted  value.   In  all,  82  of  the  adjustments  actually 
reduced  the  accuracy  of  the  earthwork  quantities. 

Immediately  the  question  comes  to  mind  as  to  whether  or 
not  centerline  adjustments  actually  do  improve  earthwork 
quantities.   By  chance  alone,  half  of  the  adjustments  could 
be  expected  to  be  in  the  wrong  direction  and  to  show  no  im- 
provement in  th'j  cross-sectional  areas.   To  test  the  possi- 
bility that  any  improvement  in  direction  or  cross-sectional 
area  was  due  to  chance,  it  was  hypothesized  that  the  proba- 
bility of  no  improvement  was  0.$.  For  this  test  it  was  assumed 
that  the  adjustment  data  approximated  a  normal  distribution. 
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It  was  found  that  the  observed  result  of  5o  adjustments  in 
the  wrontf;  direction  was  5.98  standard  deviations  lower  than 
the  expected  value  of  98.5  adjustments  in  the  wrong  direc- 
tion.  The  probability  of  such  an  occurrence  is  for  all  prac- 
tical purposes  zero.   The  hypothesis  that  improvement  in 
direction  is  due  to  chance  should  be  rejected  on  the  results 
of  this  test.   The  observed  result  of  82  adjustments  showing 
no  improvement  in  cross  sectional  area  was  2.29  standard 
deviations  lower  than  the  expected  value  of  98.5  adjustments 
showing  no  improvement  in  cross-sectional  area.   The  proba- 
bility of  this  is  .029  and  at  the  five  percent  level  of  sig- 
nificance calls  for  rejection  of  the  hypothesis  that  improve- 
ment in  cross  sectional  area  is  due  to  chance. 

Although  the  number  of  bad  adjustments  may  appear  to  be 
large,  these  tests  would  seem  to  be  a  further  indication 
that  centerline  adjustments  definitely  improve  the  accuracy 
of  photogrammetric  earthwork  quantities. 

The  cumulative  yardage  for  the  field  and  photogrammetric 
quantities  is  shown  by  the  mass  diagram  of  Figure  7.   The 
fairly  close  agreement  between  the  field  quantities  and  the 
photogrammetric  quantities  is  illustrated  by  the  close  proxi- 
mity of  the  three  lines  at  most  points.   The  greatest  dif- 
ference in  cumulative  yardage  occurred  at  station  517+35  where 
the  unadjusted  yardage  differed  from  the  field  yardage  by 
3,32?  yards.   The  greatest  difference  between  the  adjusted 
yardage  and  the  field  yardage  occurred  at  station  486+00 
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where  the  adjusted  value  differed  from  the  field  value  by 
I9O0  yards.   Although  the  cumulative  yirdage  at  the  eud   of 
the  project  sliov/ed  the  unadjusted  cumulative  yardage  to  be 
closer  to  tiie  field  value,  the  adjusted  cur.ulative  yardage 
was  generally  closer  to  the  field  value  than  the  unadjusted 
for  the  greatei^  portion  01  the  mass  diagram. 

The  cumulative  yardage  was  tlie  same  at  five  points  on 
the  mass  diagram  for  the  field  and  unadjusted  values  and  at 
two  points  for  the  field  and  adjusted  values.   Again,  this 
demonstrates  the  effect  of  compensatinr  errors  on  earthwork 
quantities. 

The  comparison  ol"  earthwork  ijuantities  by  models  to  the 
field  earthwork  quantities  shov/ed  more  consistency  in  the 
percentage  error  range.   These  comparisons  are  shown  in 
Table  8.   Most  of  the  errors  for  both  the  adjusted  and  unad- 
justed quantities  were  less  than  ten  percent;  however,  Model 
8  was  in  error  by  BOO  percent  in  the  comparison  between  the 
field  and  unadjusted  photogrammotric  excavation  quantities. 
The  percentah:;e  errors  ranged  from  0.9  percent  for  the  unad- 
justed embankment  quantities  of  Model  2  to  800  percent  for 
the  unadjusted  excavation  quantities  of  Model  S.      The  combined 
excavation  and  embankment  errors  ranged  from  -1.1  percent  for 
the  adjusted  quantities  of  Model  7  to  13.2  percent  for  the 
unadjusted  quantities  of  Model  5. 

The  yardage  errors  ranged  from  lo  yards  for  the  adjusted 
embankment  quantities  of  Model  3  to  -4433  yards  for  the  unad- 
justed embankment  quantities  of  Model  S.      Although  the  large 
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yardage  and  percentage  errors  of  Model  8  were  associated  mth 
very  large  embankment  quantities  and  small  excavation  quan- 
tities, it  should  be  noted  that  the  statistical  measures  of 
precision  in  the  vertical  direction  as  indicated  in  Table  4 
were  poor  for  this  particular  model.   Visual  inspection 
failed  to  reveal  any  correlation  between  the  accuracy  of  the 
earthwork  quantities  of  the  other  models  and  their  corre- 
sponding statistical  measures  of  vertical  precision  as  shown 
in  Table  4. 

The  reduction  in  error  nagnitude  for  the  models  in  com- 
parison to  the  individual  sections  suggests  that  compensating 
errors  were  operative  to  a  limited  extent.   The  relatively 
small  errors  that  resulted  from  combining  the  excavation  and 
embankment  quantities  further  eiaphasizes  the  effect  of  com- 
pensating errors  on  earthwork  quantities. 

Seven  groups  of  individual  earthwork  sections  were 
classified  according  to  various  depths  of  excavations  and 
embankments  and  compared  with  the  corresponding  field  quan- 
tities.  The  selection  of  sectionr^  for  each  depth  of  classi- 
fication was  made  on  a  relative  basis  by  stereoscopic  study 
of  the  air-photos  for  the  entire  length  of  the  project. 
These  classifications  included  shallow,  medium,  and  deep 
cut  and  medium  and  deep  fill.   Thare  was  no  group  of  sec- 
tions of  shallow  fill  large  enough  for  consideration. 
Table  9  shows  these  comparisons  along  with  an  urban  and 
rural  classification  of  earthwork  quantities. 
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TnBLE  9 

Earthwork  Comparisons  by  Various  Classifications 

(Cu.  Yd.) 

UnaJj.      ,0  Adj.       ,0 

Classification     Field     Photo.    Hrror   Photo.    Error 

Shallow  Cut 

445  to  451  785       946    20.5 

Medium  Gut 

403^55  to  49B+7O    4B,334    40,955   -  2.9 

Medium  Gut 

529+80  to  537+00    24,25^    2^,031   -  2.0 

Deep  Cut 

5w3+6u  to  514       o7,o02    04,302   -  5.1 

Medium  Fill 

517+35  to  529+80    98,431    93,577   -  ^.9 

Deep  Fill 

452  to  403+55      94,024    94,999     0.4 

Deep  Fill 

49^+70  to  503+06    41,571    40,380   -  2.9 

Urban  Cut 

445  to  453+35         900     i,019    13.2 

Rural  Cut 

453+35  to  53o+20   147,704   142,505   -  3.u 

Urban  Fill 

445  to  453+35       2,22o     2,443     9.7 

Rural  Fill 

453+35  to  538+20   250,077   243,559   -  2.0 


912 

10.2 

40,743 

-  3.3 

23,597 

-  2.7 

00,709 

-  1.6 

95,088 

-  3.4 

95,119 

0.5 

40,320 

-  3.0 

1,050 

10. 7 

.44,702 

-  2.1 

2,220 

0.0 

^45,114 

-  2.0 
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The  percentage  errors  for  the  various  cut  and  fill 
classifications  ranged  from  20,5  percent  for  an  unadjusted 
quantity  of  shallow  cut  to  0.4  percent  for  an  unadjusted 
quantity  of  deep  fill.   The  percentage  errors  generally 
followed  an  inverse  relationship  between  the  depth  of  the 
earthwork  and  tlie  magnitude  of  the  percentage  error.   The 
unadjusted  quantity  for  one  deep  cut  from  station  503+56  to 
station  514+00  was  in  error  more  than  earthwork  quantities 
of  medium  and  shallow  cut,  however. 

The  percentage  errors  gave  no  indication  of  any  notice- 
able difference  between  the  accuracy  of  excavation  and  em- 
bankment quantities.   There  was  a  noticeable  difference 
between  the  different  classifications  according  to  depth, 
however.   Only  three  of  the  seven  classifications  showed  im- 
provement after  adjustment. 

The  percentage  errors  for  the  urban  classification  were 
greater  than  those  for  the  rural  except  for  the  adjusted 
embankment  quantities.   The  combined  excavation  and  embank- 
ment errors  were  -11.3  and  7.4  percent  for  the  adjusted  and 
unadjusted  quantities  of  the  urban  classification  and  -1.9 
and  -1,2  percent  for  the  adjusted  and  unadjusted  quantities 
of  the  rural  classification. 

It  is  doubtful  that  these  differences  can  be  attributed 
to  the  intrinsic  characteristics  of  the  urban  and  rural 
classifications.   It  is  more  likely  that  the  difference  in 
the  depth  and  size  of  the  earthwork  quantities  for  each 
classification  was  of  greater  predominance. 
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In  summary  it  is  apparent  that  three  important  aspects 
of  the  use  of  photogrammetric  earthwork  quantities  for  final 
pay  purposes  have  been  developed  in  this  study:  (1)  the 
effect  of  compensating  errors;  (2)  the  effect  of  centerline 
adjustments;  and  (3)  the  effect  of  various  sizes  of  earth- 
work quantities. 

The  balancing  of  plus  and  minus  errors  has  been  demon- 
strated in  both  the  vertical  accuracy  study  and  the  earth- 
work quantity  analysis.   The  range  in  vertical  errors  for 
the  239  elevation  points  tested  was  1.3  feet  with  mean 
errors  for  the  individual  models  of  from  -.220  feet  to  .257 
feet.   In  contrast  to  the  wide  variation  in  errors  for  the 
individual  points  and  models,  the  mean  error  for  the  total 
was  only  .009  feet,  a  value  which  was  shown  not  to  be  sig- 
nificantly different  from  zero.   Apparently  the  random  er- 
rors, systematic  errors,  and  blunders  compensated  in  such  a 
manner  that  the  mean  of  all  errors  was  practically  zero.   The 
effect  of  compensating  errors  was  further  demonstrated  by 
Table  I  of  the  Appendix  in  which  large  errors  for  some  of 
the  individual  sections  were  observed  in  ooth  the  plus  and 
minus  direction  but  in  which  the  error  for  the  entire  project 
was  relatively  small.   A  graphic  illustration  of  this  com- 
pensating effect  was  provided  by  the  mass  diagram  of  Figure 
7  in  which  the  earthwork  quantities  were  found  to  be  identi- 
cal at  several  points  along  the  length  of  the  project.   The 
same  compensating  effect,  but  to  a  lesser  degree,  was  observed 
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in  the  grouping  of  quantities  by  models  and  by  various  clas- 
sifications of  excavations  and  embankments.   It  should  be 
noted,  however,  that  large  differences  in  yardage,  even 
though  percentage  errors  were  relatively  sraall,  existed  over 
some  lengths  of  the  project.   Apparently  the  compensation  of 
plus  and  minus  errors  is  affected  over  relatively  long  sec- 
tions of  earthwork  (juantities  and  can  be  relied  upon  only 
where  considerable  lengths  of  earthwork  quantities  are  to 
be  determined. 

The  probable  existence  of  systematic  errors  established 
the  need  for  centorxine  adjustments.   These  adjustments  im- 
p  oved  earthwork  quantities  on  the  overall  basis  even  though 
some  individual  quantities  and  groupings  of  quantities  showed 
a  reduction  in  accuracy  after  adjustment.   The  possibility 
that  any  improvement  in  the  accuracy  of  earthwork  quantities 
could  be  attributed  to  chance  was  rejected  on  th.e  results 
of  statistical  tests. 

The  percentage  error  a  .pears  to  v^iry  inversely  mth  tlie 
depth  and  size  of  the  section  measured.   This  was  demonstrated 
by  comparison  of  various  sizes  of  excavations  and  embank- 
ments in  which  it  was  observed  that  tlie  percentage  errors 
for  shallow  sections  v;ere  larger  than  those  for  deeper  sec- 
tions.  It  was  also  observed  that  the  number  of  errors  in 
excess  of  ten  percent  was  considerably  reduced  as  the  size 
of  the  earthwork  quantity  v;as  increased  from  100  to  200  yards. 
This  type  of  variation  in  accuracy  is  to  be  expected  since  a 
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given  yardage  error  for  a  section  in  shallo^\'  cut  might  re- 
sult in  a  very  lar£;;e  percentage  error  while  the  same  yardage 
error  I'or  a  section  oT  the  same  lengthi  in  deep  cut  would  re- 
sult in  a  sraaller  percentage  error.   These  observations 
would  tend  to  favor  the  use  of  photo,^;rarmnetric  measurements 
on  projects  where  large  excavations  and  embankments  predomi- 
nate . 

In  evaluating  the  accuracy  of  photo ~rairanetric  methods, 
as  applied  to  the  measurement  of  final  pay  earthwork  quanti- 
ties, it  must  be  recognized  that  there  are  no  accepted 
tolerance  a.imits  for  the  accaracy  of  earthwork  quantities 
and  that  the  determination  of  earthwork  quantities  by  any 
method  is  on±y  approximate.   Traditionally,  earthwork  quan- 
tities jiave  been  measured  in  tne  field  and  it  has  been  as- 
sumed that  these  measurements  are  the  exact  dimensions. 
Volumes  are  computed  from  these  measurements  to  the  nearest 
yard  or  tenth  of  a  yara.   It  is  assumed  that  these  volumes 
are  corrjct;  hence,  no  tolerance  limits  for  accuracy  are 
needed,   a  loose  tape  or  a  sloping  level  rod  in  the  hands 
of  a  careless  field  crew  wouid  surely  invalidate  these  as- 
sumptions.  Even  if  the  likelihood  of  field  errors  were  con- 
sidered, it  is  improbable  that  a  reliable  method  for  deter- 
mining the  accuracy  of  earthv/ork  cjuantities  could  be  estab- 
lished because  of  the  difficulty  and  cost  of  obtaining  a 
field  survey  of  sufficient  precision  to  use  as  a  standard 
of  comparison.   In  addition  to  the  undetermined  accuracy  of 


77 


field  surveys,  the  actual  terrain  features  can  only  be  ap- 
proximated by  a  few  points  which  are  thought  to  accurately 
represent  the  features  of  the  terrain.   As  pointed  out  pre- 
viously, it  would  take  an  infinite  number  of  elevation 
readings  to  give  a  true  representation. 

Since  no  tolerance  limits  for  the  accuracy  of  earthwork 
quantities  are  available,  it  is  difficult  to  state  whether 
or  not  a  certain  eri^or  is  within  reasonable  bounds.   One 
might  arbitrarily  select  an  allov;able  error  of  say  five  per- 
cent.  This  is  not  unreasonable  in  light  of  the  approximate 
methods  used  in  determining  earthwork  quantities  either 
photogrammotricaliy  or  by  field  surveys.   In  fact,  it  might 
be  questionable  as  to  which  method  is  really  more  accurate. 

Since  payment  to  the  contractor  is  made  on  the  basis  of 
excavation  quantities  only,  special  attention  should  be 
given  to  those  quantities  in  any  final  pay  considerations. 
The  total  excavation  for  the  entire  project,  borrow  pits 
included,  was  192,320  yards  for  the  field  quantities  com- 
pared to  lo7,5c>5  yards  for  the  adjusted  photogrammetric 
quantities.   The  difference  of  4,7t>l  yards  is  in  error  by 
only  2.5  percent,  or  one  half  of  the  arbitrarily  selected 
value  of  five  percent.   This  is  a  very  small  error  in  view 
of  the  fact  that  either  of  the  quantities  might  be  in  error. 
From  thij  contractor's  standpoint,  a  yardage  error  of  this 
magnitude  in  the  minus  direction  represents  a  considerable 
loss  in  payment  for  work  done.   It  must  be  understood,  however, 
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that  the  difference  could  just  as  well  have  been  in  the 
contractor's  favor.   In  any  event,  there  is  a  good  possi- 
bility that  once  the  contractor  understands  the  advantages 
and  accuracies  as  well  as  the  operational  limitations  of 
phot ogranne trie  measurement  of  earthwork  quantities,  he  will 
accept  them  as  a  basis  for  payment. 

The  results  of  this  study  are  also  an  indication  of 
the  accuracy  that  might  be  achieved  in  the  use  of  photograra- 
metric  methods  in  tho  determination  of  design  earthwork  quan- 
tities.  Since  these  quantities  are  used  only  as  estimates, 
the  accuracy  required  is  not  as  great.   Even  the  unadjusted 
quantities,  which  were  in  error  by  only  3.8  percent  for  the 
entire  project,  wouxd  surety  be  considered  accurate  enough 
for  this  purpose. 

Concrete  Pavement  and  Appurtenances 
The  photogrammetric  measurements  of  concrete  pavement 
and  concrete  pavement  appurtenances  were  combined  under  one 
pay  quantity  classification  and  compared  with  the  field 
measurements  in  accordance  with  the  quantity  subdivisions  of 
the  construction  record.   The  pavement  appurtenances  con- 
sisted of  widened  sections  to  accomodate  parked  vehicles, 
street  intersections,  side  road  entrances,  and  a  transition 
zone  for  change  in  lane  width.   In  all,  21  sections  of  vary- 
ing length  and  width  were  compared.   Table  10  shows  these 
comparisons. 

The  areas  of  sections  of  constant  width  were  determined 
by  simply  multiplying  the  width  times  the  length  between  the 
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terminal  stations  for  each  section.   Since  the  centerline 
stationing  on  the  photogrammetric  manuscript  corresponded 
to  that  used  in  making  lineal  field  measurements,  there  was 
little  chance  for  error  once  the  width  had  been  properly 
ascertained.   IVhere  discrepancies  did  occur,  they  were  due 
to  chaining  equations  in  the  field  measurements.   No  slope 
corrections  were  applied  because  the  grades  were  very  small 
and  such  corrections  would  have  been  negligible.   Areas  at 
street  intersections,  side  road  entrances,  and  at  the  lane 
width  transition  were  determined  by  subdividing  the  sections 
on  the  photogrammetric  manuscript  into  simple  geometric 
shapes  and  computing  the  areas  from  the  scaled  dimensions. 

Most  errors  occurred  where  varying  widths  were  encountered, 
The  largest  error,  -18.8  square  yards  or  -3.7  percent,  was 
made  in  determining  the  area  at  a  street  intersection.   All 
errors  were  very  small;  l8  of  the  21  sections  were  in  error 
less  than  one  percent.   The  total  area  by  field  measurements 
was  27,979.7  square  yards  compared  to  27,977.5  square  yards 
by  the  photogrammetric  measurements  for  an  error  of  -2.2  square 
yards,  or  a  percentage  error  of  practically  zero.   As  with 
the  earthwork  quantities,  trie  plus  and  minus  errors  over  the 
entire  project  appear  to  have  compensated  and,  in  this  case, 
made  the  total  error  almost  negligible. 

Separate  comparisons  of  eight  private  drive  entrances, 
also  regarded  as  pavement  appurtenances  but  with  a  different 
pay  quantity  classification,  similarly  showed  good  agreement 
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TABLE  11 

Private  Drive  Concrete  Pavement  Measurements 

Approximate     Photograrrmietric  Field  Error        IT^rror 

Station      Measurement    Measurement   Sq.  Yd. 
(Sq.  Yd.)      (Sq.  Yd.) 


44b+53.o 

13.3 

14.5 

-1.2 

-  8.3 

440-^71.3 

34.8 

34.8 

0.0 

0.0 

44B+00 

13.1 

13.2 

-0.1 

-  0.8 

44c!+95 

17.3 

lu.9 

0.4 

2.4 

449+21 

11.2 

12.0 

-0.8 

-  0.7 

450+30 

11. 0 

11.7 

-0.1 

-  0.9 

450+50 

13.4 

14.5 

-1.1 

-  7.b 

451+32 

7.0 

0.9 

0.1 

1.5 

Totals 

121.7 

124.5 

-2.8 

-  2.2 
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betv/een  the  photogrammetric  and  field  measurements.   These 
comparisons  are  shovm  in  Table  11, 

The  errors  ranged  from  -1.2  square  yards,  or  -8.3  per- 
cent, to  zero.  Again,  some  compensation  of  errors  was  evi- 
dent, but  to  a  lesser  extent  than  mth  the  other  paved  sur- 
faces. The  total  area  as  computed  from  the  field  measure- 
ments was  lk!4.5  square  yards  compared  to  121.7  square  yards 
for  the  photogrammetric  measurements  for  an  error  of  -2.6 
square  yards,  or  -2.2  percent. 

The  results  of  these  comparisons  would  seem  to  indicate 
that  fairxy  accurate  measurement  of  pavement  and  pavement 
appurtenances  can  be  obtained  photogrammetrically. 

Paved  Side  Ditch 
Photogrammetric  measurements  of  paved  side  ditch  were 
compared  v/itii  the  field  measurements  in  accordance  with  the 
quantity  subdivisions  of  the  construction  record.   .'ance 
payment  to  the  contractor  is  made  on  a  lineal  foot  basis, 
measurements  were  made  along  the  length  of  the  paved  side 
ditch  only.   Al_  measurements  were  corrected  for  siope. 
Table  12  shows  the  comparisons  between  the  photogrammetric 
and  the  fielu  measurements  as  listed  in  the  construction 
record. 

Errors  in  identification  as  well  as  in  measurement  were 
encountered  in  the  determination  of  paved  siae  ditch  lengths. 
The  construction  record  listed  15  sections  of  p-xved  side 
ditch;  out,  due  to  snow  cover,  only  13  were  observed  and 
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TABLE  12 

Paved  Side  Ditch  Measurements 

Approx.  Gtation   Photo ^Tarame trie     Field     ^rror  ')o   Error 

Interval         Measurement    Measurement   (Feet) 
(Feet) (Feet) 


453+35  to  456^77  390.0  39D.O 

456+97  to  403+83  09B.O  054.5 

409+30  to  409+90  Snow  Cover  62.0 

482+15  to  4B2+85  67.5  09.5 

487+75  to  4S8+65  131.5  132.0 

493+42  to  494+42  102.0  101.0 

498+24  to  499+0O  102. 5  iDO.O 

499+08  to  500+31  62.0  02.0 

500+36  to  500+09  Snow  Cover  34.0 

513+34  to  514+42  107.5  171.0 

510+98  to  517+50  83.0  92.0 

522+52  to  522+89  36.0  38.0 

523^00  to  525+70  304.0  309.0 

527+98  to  529+00  110.0  113.0 

529+80  to  531+25  143.0  143.0 

Totals  24t>3.0  2543.0      -80.0   -  3.1 


0.0 

0.0 

43.5 

6.6 

-02.0 

-100.0 

-   2.0 

-     2.9 

-   0.5 

-     0.4 

1.0 

1.0 

-  3.5 

-      2.1 

0.0 

0.0 

-34.0 

-100.0 

-  3.5 

2.0 

-  9.0 

-     9.8 

-  2.0 

-     5.3 

-   5.0 

-     1.6 

-  3.0 

-      2.7 

0.0 

0.0 
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measured  during  the  plotting  operation.   The  two  sections 
obscured  by  snow  were  later  identified  by  stereoscopic  ex- 
amination of  the  air-photos.   In  addition  to  the  two  sections 
which  were  completely  undetected,  the  exact  delineation  and 
measurement  of  other  sections  was  questionabio  because  of 
the  presence  of  snov;,  silt,  and  debris  near  zhe   ends  of  the 
sections.   On  sections  which  were  positively  identified  and 
delineated,  the  magnitude  of  the  errors  was  much  smaller. 
Three  of  these  sections  were  in  exact  agreement  with  the 
field  measurements  of  the  construction  record. 

Most  of  the  errors  were  rexatively  small  and  in  the 
minus  direction.   One  large  plus  error  occurred  on  the  sec- 
tion between  stations  45o+97  ^na  463+86.   It  is  believed 
that  the  greater  portion  of  this  error  is  attributable  to  a 
mistake  in  the  identification  of  the  ends  of  the  section. 

The  total  length  of  paved  side  ditch  by  field  measure- 
ments was  2,543  feet  compared  to  2,4^3  feet  by  photogrammet- 
ric  measurements.   The  error  of  -80  feet,  or  -3.1  percent, 
is  misleading  since  it  results  largely  from  the  two  sections 
v;hich  were  completely  omitted  in  the  photograrametric  measure- 
ments.  If  these  two  sections  were  not  considered  in  the 
total,  the  error  would  be  only  lb  feet,  or  0.7  percent. 
Even  this  error  is  deceptive  since  it  results  from  the  com- 
pensation of  one  large  plus  error  and  several  small  minus 
errors.   Perhaps  a  better  indication  of  measurement  accuracy 
is  obtained  by  also  omitting  the  section  with  the  large 
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plus  error.   The  error  for  the  total  would  then  be  27.5 
feet,  or  1.5  percent. 

It  is  believed  that  the  smaller  errors,  or  measurement 
errors,  are  a  better  indication  of  the  accuracy  of  photo- 
grammetric  measurements.   Even  so,  errors  in  identification 
must  be  taken  into  account  as  they  can  be  expected  to  occur 
in  the  general  application  of  photogrammetric  methods.   In 
light  of  the  large  errors  in  identification,  it  is  doubtful 
that  photo gramme trie  measurement  of  paved  side  ditch  is 
feasible.   Even  if  errors  in  identification  were  not  a 
problem,  the  ease  and  certainty  ^^d-th  which  these  measurements 
can  be  made  in  the  field  makes  photogrammetric  measurement 
questionable. 

Sodding 
Photogrammetric  measurements  of  sodding  were  compared 
on  the  basis  of  areas  between  100  foot  stations  along  the 
highway.   For  these  comparisons,  it  was  necessary  to  re-group 
the  construction  record  quantities  to  correspond  vdth  the 
100  foot  lengths  used  in  computing  the  photogrammetric 
quantities.   Irregular-shaped  areas  were  planimetered  while 
areas  of  more  constant  dimensions  were  subdivided  into  simple 
geometric  shapes  from  which  the  quantities  were  computed 
from  the  scaled  dimensions.   Slope  corrections  were  applied 
in  both  the  longitudinal  and  transverse  directions.   In  all, 
94  sections  of  sodding  were  measured  and  compared.   Table  13 
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TABLE  13 
Sodding  Measurements 


Photogrammetric 

Field 

Error 

Station 

Measurement 
Gq.  Ft, 

Measurement 
Sq.  Ft. 

Sq.  Ft. 

'/>   Error 

445 

446 

905 

898 

7 

0.8 

447 

blO 

042 

-  32 

-  5.0 

448 

715 

749 

-  34 

-  4.5 

449 

910 

1310 

-  400 

-  30.5 

450 

1275 

958 

317 

33.1 

451 

980 

1806 

-  826 

-  45.7 

452 

830 

1725 

-  895 

-  51.8 

453 

665 

869 

-  204 

-  23.5 

454 

870 

838 

30 

3.6 

455 

440 

564 

-  124 

-  22.0 

456 

440 

560 

-  120 

-  21.4 

457 

530 

560 

-  30 

-   5.4 

458 

700 

5oO 

140 

25.0 

459 

700 

50O 

140 

25.0 

400 

700 

560 

140 

25.0 

461 

700 

560 

140 

25.0 

.4^2 

705 

560 

145 

25.9 

463 

725 

560 

165 

29.5 

464 

905 

953 

-  48 

-  5.0 

4t)5 

2315 

2548 

-  233 

-  9.1 

460 

2020 

2180 

-  160 

-  7.3 

407 

1905 

2245 

-  340 

-  15.1 

468 

1990 

2140 

-  150 

-  7.0 

469 

1810 

2140 

-  330 

-  15.4 

470 

1765 

1623 

142 

S.S 

471 

2100 

2495 

-  395 

-  15.8 

472 

I05O 

2296 

-  046 

-  28.2 

473 

1700 
1785 

2097 

z'Ve 

-  18.9 

474 

I803 

-  4.2 

475 

2380 

2733 

-  3  53 

-  12.9 

476 

1550 

1800 

-  250 

-  13.9 

477 

1715 

1825 

-  110 

-  0.0 

478 

1790 

1850 

-   DO 

-  3.2 

479 

1840 

1825 

15 

0.8 

480 

I05O 

1748 

-  98 

-  5.6 

g? 


TABLE 

13  (Continued) 

Photogramraetric 

Field 

lurror 

Station 

Measurement 
Sq.  Ft. 

Measurement 
Srj.  Ft. 

Sq.  Ft. 

%   Error 

481 

1885 

1907 

-   22 

-   1.2 

482 

1735 

1727 

8 

0.5 

483 

1400 

1094 

3O0 

27.9 

484 

515 

549 

-  34 

-   6.2 

485 

555 

500 

-   5 

-  0.9 

48o 
487 

i?ja 

ijr, 

-12^ 

0.6 
-  9.2 

488 

1245 

1292 

-  47 

-  3.6 

489 

895 

1312 

-  417 

-  31.8 

490 

555 

560 

-   5 

-  0.9 

491 

000 

500 

40 

7.1 

492 

560 

560 

0 

0.0 

493 

1045 

1169 

-  124 

-  10.6 

494 

1585 

1767 

-  182 

-  10.3 

495 

830 

1911 

-1081 

-  56.6 

496 

1265 

1754 

-  489 

-  27.9 

497 

1620 

1783 

-  163 

-  9.1 

498 

1780 

2915 

-1135 

-  38.8 

499 

1430 

1038 

-  208 

-  12.7 

500 

1275 

1872 

-  597 

-  31.9 

501 

440 

840 

-  400 

-  47.7 

502 

535 

840 

-  305 

-  36.3 

503 

505 

840 

-  335 

-  39.9 

504 

485 

884 

-  399 

-  45.2 

505 

1320 

1425 

-  105 

-  7.4 

506 

1150 

1180 

-  30 

-  2.5 

507 

1575 

1638 

-  63 

-  3.S 

508 

1615 

1718 

-  103 

-     u.O 

509 

loOO 

1731 

-  131 

-   7.0 

510 

lol5 

1744 

-  129 

-  7.4 

511 

looO 

1757 

-  97 

-  5.5 

512 

1680 

1770 

-  90 

-  5.1 

513 

1540 

1783 

-  243 

-  13.0 

514 

12O0 

1490 

-  236 

-  15.8 

515 

660 

1044 

-  384 

-  36.8 

516 

1070 

1701 

-  631 

-  37.1 

517 

1470 

1703 

-  233 

-  13.7 

518 

990 

1007 

-  17 

-  1.7 

519 

635 

635 

0 

0.0 

520 

555 

560 

-   5 

-  0.9 

as 


TABLE 

13   (Continued] 

Photogranimetric 

Field 

Srror 

Station 

Measurement 
Sn.  Ft. 

Measurement 
Sq.  Ft. 

Sq.  Ft. 

io 

Error 

521 

555 

1403 

-  848 

^^ 

00.4 

522 

520 

710 

-  190 

- 

20.8 

523 

2390 

2425 

-  35 

- 

1.4 

524 

2370 

2466 

-  96 

- 

3.9 

525 

10^5 

1902 

-  857 

- 

45.0 

526 

1020 

1947 

-  927 

. 

47.0 

527 

505 

1311 

-  746 

- 

5b. 9 

528 

555 

1311 

-  756 

- 

57.0 

529 

740 

1036 

-  29b 

- 

28.6 

530 

63  5 

730 

-  145 

- 

13.6 

531 

650 

511 

139 

27.2 

532 

1620 

1856 

-  236 

- 

12.7 

533 

1320 

1980 

-  666 

- 

33.5 

534 

1515 

1904 

-  389 

- 

20.4 

53  5 

1500 

1822 

-  322 

- 

17.7 

536 

lolO 

1739 

-  129 

_ 

7.4 

537 

1525 

1021 

-  96 

- 

5.9 

53a 

675 

944 

-  2d9 

- 

28.5 

533+55 

265 

317 

-   52 

- 

16.4 

Total 

110,485 

130,542 

-20,057 

- 

15.4 
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shows  these  comparisons. 

Errors  in  identification  were  made  almost  consistently 
in  the  sodding  measurements.   The  lacK.  of  contrast  in  tone 
between  sodded  areas  and  seeded  areas  made  identification 
difficult,  if  not  impossible,  in  many  places.   It  was  im- 
possible to  distin^j,uish  between  sodding  which  existed  prior 
to  construction  and  newly  placed  sodding.   The  dark,  tones 
present  in  wet  spots  were  sometimes  mistaken  for  sodded 
areas.   Snow  cover  adaed  to  the  difficulty  in  identification 
in  the  ditches  ana  on  some  side  slopes.   A  sharper  contrast 
in  tones,  such  as  exists  during  the  spring  of  the  year,  might 
have  improved  the  identifying  characteristics  of  the  sodding 
considerably. 

Even  though  gross  identification  errors  were  numerous, 
errors  in  measurement  probably  accounted  for  a  significant 
portion  of  the  total  error  for  each  section.   A  difference 
of  a  few  inches  in  a  narrow  band  of  sodding  caused  a  large 
percentage  error.   This  type  of  error  was  unavoidable  since 
measurements  could  be  made  only  to  the  nearest  0.5  of  a 
foot . 

Of  the  94  sections  compared,  76  were  in  error  in  the 
minus  direction.   Most  large  errors  were  in  the  minus  direc- 
tion; plus  errors  were  generally  small.   Where  the  identifi- 
cation of  sodding  was  in  doubt,  the  area  in  question  was  not 
measured  ana  recorded  as  sodding.   This  probably  accounts 
for  the  predominance  of  minus  errors. 
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The  quantity  errors  ranged  from  zero  to  -113  5  square 
feet.   The  percentage  errors  ranged  from  zero  to  -0O.4  per- 
cent.  The  total  area  by  field  measurement  was  130,542  square 
feet  compared  to  110,4^5  square  feet  by  photogramraetric 
measurement  for  an  error  of  -20,057  square  feet,  or  -15.4 
percent.   An  error  of  this  magnitude  would  represent  a  con- 
siderable loss  to  thn  contractor  for  work  done. 

The  results  of  these  comparisons  would  seem  to  indicate 
that  photograriir.ietric  measurement  of  sodding  under  the  condi- 
tions of  this  study  is  not  accurate  enough  for  final  pay 
purposes. 

Curbing, 

Poor  agreement  was  obtained  between  the  field  and 
photogrammetric  measurements  of  curbing.   A  total  of  loOy.O 
feet  of  integral  curbing  was  measured  photogranmetrically 
compared  to  1227.2  feet  by  field  measurement  for  an  error  of 
379. b'  feet,  or  30.9  percent.   Tabxe  14  shov/s  the  comparisons 
of  quantities  between  100  foot  stations  along  the  highway. 
For  these  comparisons,  the  constr-action  record  quantities 
were  re-grouped  to  correspond  mth  the  100  foot  lengths 
used  in  grouping  the  photogrammetric  quantities.   Nine  indi- 
vidual sections  were  compared. 

The  quantity  errors  ranged  from  zero  to  II6.6  feet,  and 
the  percentage  errors  ranged  from  zero  to  17ii.2  percent. 
Most  of  the  errors  were  large  and  all  but  one  were  in  the 
plus  direction. 
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TABLE  14 
Curbing  Measurements 


Photogramnietric     Field       Error 
Station     Measurement     Measurement    (Feet)   "Jo   Error 
(Feet) (Feet) 


445 

446  201.0  175.7 

447  17B.5  133. a 

448  202.5  169.0 

449  162.0  65.4 

450  195.0  169.4 

451  212.5  150.2 

452  19B.0  116.2 

453  200.0  200.0 
.  454  37.5  33.5 

Total  1607.0  1227.2      379. B     30.9 


25.3 

14.4 

44.7 

33.4 

33.5 

19.6 

116.6 

17B.2 

25.0 

15.1 

53.3 

33.5 

Bl.B 

70.4 

0.0 

0.0 

-  1.0 

-  2.6 

92 


Again,  errors  in  identification  were  responsible  for 
a  large  part  of  the  discrepancy  between  the  photo gramme trie 
and  the  field  measurements.   Lengths  of  curbing  which  had 
existed  prior  to  construction  were  unknowingly  included  with 
the  new  curbing  in  the  photograrametric  measurements.   Al- 
though there  was  no  combined  curb  and  gutter  construction 
on  the  portion  of  the  project  chosen  for  study,  observations 
several  feet  in  advance  of  the  beginning  point  for  the 
study  indicated  that  a  definite  distinction  between  the  two 
types  would  be  difficult,  if  not  impossible. 

Even  though  there  was  little  difficulty  in  delineating 
and  measuring  old  and  new  curbing  together,  the  large  errors 
which  resulted  from  the  inability  to  distinguish  between 
the  old  and  new  make  photogrammetric  measurement  of  curbing 
impractical. 

Guard  Rail 

Relatively  good  agreement  between  the  field  and  photo- 
grammetric measurements  was  obtained  in  the  guard  rail  com- 
parisons. The  total  length  of  guard  rail  by  field  measure- 
ment was  5542,5  feet  compared  to  5531.5  feet  by  photogram- 
metric measurement  for  an  error  of  -11.0  feet,  or  -0.2  per- 
cent. The  measurement  errors  ranged  from  zero  to  -0.7  per- 
cent. The  errors  for  the  individual  sections  were  small, 
and  all  but  one  were  in  the  minus  direction. 

The  lengths  of  guard  rail  were  grouped  and  compared  in 
accordance  with  the  quantity  subdivisions  of  the  construction 
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record.   Because  of  the  small  grades,  no  slope  corrections 
were  applied  to  the  photograrainetric  measurements.   The  com- 
parisons are  shoivii  in  Table  15. 

Errors  in  iientirication  were  no  problem  in  determining 
guard  rail  lengths.   The  features  of  the  guard  rail  were 
sharply  defined,  and  delineation  and  measurement  were  accom- 
plished with  considerable  ease  and  certainty. 

The  results  of  these  comparisons  would  seen  to  indicate 
that  fairly  accurate  measurements  of  guard  rail  can  be  ob- 
tained photogrammetrically. 

Guide  Post 

Guide  posts  were  outlined  on  the  photogrammetric  manu- 
script and  counted  in  groups.   These  groups,  designated  by 
an  approximate  station  interval  along  the  higliway,  corresponded 
to  those  listed  by  tne  construction  record.   In  all,  12 
groups  were  counted  and  compared.   These  comparisons  are 
shown  in  Table  lo. 

The  field  count  listed  a  total  of  4o  guide  posts  com- 
pared to  the  photogrammetric  count  of  54.  Three  of  the  12 
groups  were  in  error  from  the  construction  record  count. 

Although  no  measurement  errors  v^fere  involved  in  the 
guide  post  counts,  errors  in  identification  were  possible 
and  did  occur.   One  guide  post  was  simply  overlooked  in  the 
photogrammetric  count  of  the  group  at  station  523+75.   Eight 
guide  posts  were  counted  in  the  station  interval  from  529+00 
to  529+80  in  which  no  guide  posts  were  listed  by  the  construction 


95 


TABLE  lb 
Guide  Post  Count 


Approx.  Sta.  Interval     Photo.  Count  Fielu  Count   Error 

4$l+o4  to  453+20  5 

463+00  to  464+15  1 

482+dO  "F"  to  4^2+00  "A"  9 

489+40  to  493+95  1 

494+50  to  49b'+dO  1 

503+75  to  5i3+B0  2 

514+95  to  517+45  1 

524+00  to  525+50  4 

528+75  (Pvt.  Drive  5 

529+00  to  529+80  8 

530+00  to  530+90  3 

Line  S-ll-A  14 

Total  54           40         a 


5 

0 

1 

0 

9 

0 

1 

0 

1 

0 

1 

1 

1 

0 

4 

0 

0 

-1 

0 

s 

3 

0 

14 

0 
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record.   It  is  believed  that  these  g^ide  posts  were  extant 
before  construction  and  were,  therefore,  not  included  in  the 
final  pay  quantities  of  the  construction  record.   The  photo- 
grarametric  count  showed  two  guide  posts  in  th3  station  inter- 
val from  503+75  to  513+SO;  whereas,  the  construction  record 
listed  only  one.   It  raay  be  that  the  construction  record 
was  in  error  on  this  count  since  these  posts  were  located 
on  newly  constructed  fill  and  photograniraetric  identification 
was  fairly  certain. 

The  inability  to  distinguish  between  new  guide  posts 
and  those  placed  prior  to  construction  would  sees.i  to  indi- 
cate that  photogramrnetric  counting  is  unreliable.   However, 
it  should  be  reco  'nized  that  most  of  these  errors  would  not 
occur  on  projects  in  which  all  construction  is  new. 
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EVALUATION  OF  STUDY  CONDITIONS 

In  reviewing  the  conditions  under  which  this  study  was 
performed,  it  would  appear  that  there  were  inadequacies  and 
limitations,  some  of  which  were  unforseeable  and  some  of  • 
which  were  unavoidable,  which  may  have  interfered  with  the 
intended  purposes  of  the  study.   Among  these  is  the  inability 

to  state  definitely  and  emphatically  whether  photogrammetric 
measurements  are  accurate  enough  for  use  in  making  final 
payment.   This  inability  arises  from  the  previously  mentioned 
fact  that  there  are  no  commonly  accepted  tolerance  limits 
for  the  accuracy  of  final  pay  measurements.   From  this  study, 
it  is  only  possible  to  present  comparisons  between  the 
photogrammetric  and  conventional  methods  of  determination. 
Conclusions  regarding  the  acceptance  or  rejection  of  photo- 
grammetric final  pay  quantities  must  be  limited  to  commentary 
on  the  degree  of  agreement  between  the  comparisons.   It 
would  appear  that  the  suitability  of  photogrammetric  final 
pay  quantities  is  a  matter  which  can  be  decided  only  by  the 
contractors  who  perform  the  work  and  must  accept  payment  on 
the  basis  of  these  quantities. 

Confusion  often  occurred  in  distinguishing  between  items 
which  existed  prior  to  construction  and  those  v\^ich  were  to 
be  measured  for  final  payment  as  new  construction.   This  con- 
fusion migl-it  have  been  avoided  had  a  section  of  newly  located 
highway  been  selected  for  study  rather  than  a  relocation  of 
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an  already  existing  highway.   Such  a  selection  would  have 
resulted  in  fewer  identification  errors  with  a  subsequently 
better  indication  of  measurement  accuracy.   However,  the 
difficulties  in  identification  which  were  encountered  must 
be  anticipated  in  any  general  application  of  photogrammetric 
methods  to  final  pay  quantity  measurement.   Any  attempt  to 
control  this  aspect  of  the  study  would,  therefore,  be  of 
doubtful  value. 

Another  limiting  factor  was  the  snow  cover  which  ob- 
scured portions  of  the  highway  and  made  plotting  and  measure- 
ment difficult.   Even  though  the  amount  of  snov;  was  generally 
very  small,  it  was  present  in  sufficient  amounts  at  critical 
places  to  cause  trouble.   This  was  particularly  true  of  the 
paved  side  ditches.   Had  this  been  anticipated  beforehand, 
the  photography  could  have  been  flown  at  a  time  when  the 
ground  was  corap-uetely  free  of  snow.   The  most  opportune  time 
would  have  been  immediately  after  the  completion  of  construc- 
tion.  This  would  also  have  eliminated  tlie  further  complica- 
tion of  weathering  and  erosion. 

Inadequate  cross  section  terrain  data  obtained  by  field 
surveys  greatly  limited  the  value  of  comparisons  between 
photogrammetric  and  construction  record  quantities  and  pre- 
vented a  complete  evaluation  of  earthwork  quantities  in  as 
much  as  the  quantities  for  the  side  road  entrances  could  not 
be  determined.   Full  cross-sectional  areas  for  all  cross 
sections  could  have  been  computed  if  tho  terrain  data  had 
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been  extended  far  enoufh  irom  the  centerline  to  cover  all 
earthwor'k  operations.   It  would  hc^ve  been  possible  to  extend 
the  terrain  cross  sections  to  meet  the  slope  stake  elevation 
readinf^s  of  the  tei.'iplate  cross  sections,  ijut  this  involves 
an  element  of  uncertainty.   Appareiitly  this  was  done  by  the 
highway  departir.er.t  in  cornputin,;  the  constr  .ction  record 
quantities  for  those  cross  sections  which  were  deficient  in 
terrain  data.   In  any  event,  reliable  comparisons  were  ob- 
tained with  the  electronicaij.y  con:mted  fie_d  quantities 
Sj.nce  tiio  cross- sectional  areas  were  coiaputed  by  using  the 
sa;.ie  shurteited  terrain  aata  as  were  used  in  computing  the 
photograiiurietr:  c  cruss-sectional  areas.   Additional  terrain 
cross  sections  \/ere  apparently  taken  in  the  field  for  the 
side  roaa  eiitra.nces  L'rior  to  construction,  imt  the  data  were 
not  recorded  in  the  field  cross  section  booKS  ..mi,  conse- 
quently, no  earthwork  quantities  coul-i  be  developed.   As 
pointed  out  previous j.y,  it  would  h;.ve  been  possible,  and  in 
many  respects  desirable,  to  have  obtained  t!ie  terrain  cross 
sections  by  photograiiraetric  methods.   This  would  have  allov;ed 
accurate  extension  of  the  terrain  cross  sections  even  after 
the  completion  of  construction.   It  also  would  have  eliminated 
some  of  t'ne  confusion  as  to  which  quantities  were  to  be 
measured  for  final  payment  and  which  existed  prior  to  con- 
struction. 

Finally,  the  important  factors  of  time  and  cost  were 
not  considered  because  of  the  necessarily  limited  scope  of 
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the  study  ari'i  because  the  conditions  under  v/hich  tlie  study 
was  performed  coua.d  hardly  be  conriJered  typical  of  those 
which  would  prevail  in  actual  practice.   Due  to  the  inex- 
perience of  the  autlior  with  photo;^raminGtric  plottinj-r  equip- 
ment, a  greater  aiaount  of  time  v;as  consumed  in  the  orienta- 
tion and  plottinf^  of  the  raorlels  than  shoulJ  be  anticipated 
in  the  routine  of  actual  practice.   -ti  roug.i  lo,:j  of  the  time 
showed  that  224  hours  were  consumed  in  the  orientation, 
plottin,q,  ana  measurement  of  the  mouels.   Since  t};e  models 
averaged  about  1000  feet  in  length,  auout  2  1/2  hours  were 
requirea  for  each  100  feet  of  length.   Unfortunately,  a 
breakuov/n  of  the  tiiae  required  for  each  type  of  pay  quantity 
was  not  possible  since  all  quantities  were  plotted  and 
measured  concurrently. 
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SUmARY  AND  CONCLUSIONS 

In  conducting-  this  stuay,  an  attempt  was  nade  to  ap- 
proxiiaate  typical  conditions  and  situations.   It  must  be 
recognized,  however,  that  no  section  of  hi.';hway  can  be 
classified  as  typical.   Variations  in  terrain,  land  use,  and 
physical  features  ox'  hi<:'hways  make  this  an  impossibility. 
Nor  can  tliu  equipiaent  or  procedures  which  were  employed  be 
Classified  as  representative.   A  wide  variety  of  photograra- 
metric  plotting  instruments,  flying  hei^;hts,  and  plotting 
procedures  couIj,  be  used  in  an  undertaking  of  tliis  n^.ture. 
Caution  must  be  exercised,  therefore,  in  any  generalization 
of  th'i  results  and  conclusions  of  this  particular  stuuy. 

From  the  experience  gained  in  the  execution  of  this 
study,  it  may  be  ccnciuded  that  the  photo; ;rammetric  methods 
and  procedures  described  herein  are  applicable,  mth  limited 
regard  for  accuracy,  to  the  measurement  of  the  following 
final  pay  quantities:  earthwork,  concrete  pavement  and  ap- 
purtenances, paved  side  ditch,  sodding,  curbing,  guard  rail, 
ana  guide  posts. 

From  the  analysis  and  results  of  the  accuracy  compari- 
sons of  this  study,  it  m;iy  be  concluded  that: 

1.   There  was  good  agreement  between  the  photo- 

grarnmetric  eartliwork  excavation  quantities  and 
the  corresponding  quantities  computed  electroni- 
cally from  the  field  cross  section  books. 
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(The  photogrammetric  excavation  quantities 
were  in  error  by  -3.5  percent  before  adjust- 
ment and  by  -2.0  percent  after  adjustment.) 
The  photogrammetric  borrow  pit  quantities 
shoived  similarly  good  agreement  with  the  field 
quantities.   (Borrow  Pit  3  was  in  error  by  -2.0 
percent  before  adjustment  and  by  0.8  percent 
after  adjustment.   Borrow  Pit  4  was  in  error 
by  -u.$  percent  both  before  and  after  adjust- 
ment. ) 

2.  There  was  generally  poor  agreement  between  the 
photo granmie trie  earthwork  excavation  quantities 
and  the  corresponding  construction  record 
quantities  because  of  inadeciuate  original 
terrain  data.   (The  adjusted  and  unadjusted 
photogrammetric  quantities  were  in  error  by 
-9.9  and  -11.3  percent.   For  Borrow  Pit  3,  the 
adjusted  and  unadjusted  photogrammetric  quanti- 
ties were  in  error  by  3.2  and  0.4  percent,  and 
for  Borrow  Pit  4,  the  adjusted  and  unadjusted 
photogrammetric  quantities  were  in  error  by 
4.7  and  4.6  percent.) 

3.  The  photogrammetric  embankment  quantities 
showed  good  agreement  with  the  corresponding 
quantities  computed  electronically  from  the 
field  cross  section  books.   (The  adjusted  and 
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unadjusted  quantities  were  in  error  by  -2.0 
and  -2. 5  percent. ) 

4.  Adjustment  of  the  photogramraetric  earthwork 
quantities  to  an  accurate  centerline  profile 
generally  improved  accuracy. 

5.  The  relatively  large  errors  of  some  of  the 
individual  sections  of  earthwork  compensated 
to  yield  a  smaller  error  for  the  total  earth- 
work. 

6.  The  percentage  eri'ors  generally  varied  in- 
versely mth  the  depth  and  size  of  the  earth- 
work quantity. 

7.  The  phot ogramme trie  measurements  of  concrete 
pavement  and  appurtenances  were  in  close  agree- 
ment with  the  construction  record  measurements, 
(The  percentage  error  was,  for  all  practical 
purposes,  zero. ) 

8.  Due  to  the  compensation  of  a  few  large  errors, 
the  photogramraetric  measurements  of  paved  side 
ditch  shov;ed  fairly  good  agreement  with  the 
construction  record.   (The  photogramraetric 
measurements  were  in  error  by  -3.1  percent.) 

9.  Poor  agreement  was  obtained  in  the  comparison 
of  photogramraetric  quantities  of  sodding  with 
the  corresponding  construction  record  quantities. 
(The  error  was  -15.4  percent.) 

10,   Poor  agreement  was  obtained  in  the  photogramraetric 
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and  construction  record  comparisons  of  curbing. 
(The  error  was  30.9  percent.) 

11,  The  photogrammetric  measurements  of  guard  rail 
were  in  close  agreement  with  tho  construction 
record  measurements.   (The  photograinmetric 
quantities  were  in  error  by  -0.2  percent.) 

12.  The  photogrammetric  count  of  guide  posts  did 
not  agree  well  with  the  construction  record 
count.   (The  construction  record  listed  a 
total  of  1+6   guide  posts  compated  to  the  photo- 
grammetric count  of  54.) 

From  the  anai.ysis  and  results  of  the  vertical  accuracy 
study,  it  may  be  concluded  that: 

1.  The  distribution  of  centerline  elevation  errors 
closely  follov^ed  a  normal  distribution  curve. 
Compensation  of  errors  should  be  expected 

with  this  type  of  distribution. 

2.  The  calculated  G-f actor  was  approximately  lo70, 
a  comparitivexy  high  value. 

3 .  The  mean  of  all  centerline  elevation  errors 
was  not  significantly  different  from  zero, 

4.  Systematic  errors  which  varied  from  model  to 
model  were  operative. 

5.  The  precision  of  elevation  reading  is  depend- 
ent not  only  upon  the  model  but  also  upon  the 
point  at  which  the  reading  is  made  \>n.thin  the 
model. 
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As  a  corollary  to  the  above  conclusions,  it  may  be  stated 
that  the  phot ograinme trie  tecliniques  described  herein  defi- 
nitely provide  accuracy  and  reliability  of  a  nature  tliat 
woula  warrant  their  use  in  the  location  and  design  phases 
of  highway  construction.   This  is  true  not  only  for  the  pre- 
liminary stages  but  also  for  the  final  stages  of  location 
and  design  as  wej.1. 
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U6 

4 

5 

6 

-  90..6 

-  95.9 

25.0 

50,0 

2585 

2507 

2480 

-  3.0 

-  4.1 

-2581 

-2502 

-2474 

50170 

262 

47 

61 

57 

-  70.7 

-  78.2 

29.8 

21.3 

3844 

3670 

3694 

-  4.5 

-  3.9 

-3797 

-3609 

-3637 

50200 

222 

70 

63 

64 

-  69.4 

-  71.2 

-  2,9 

-  8,6 

3108 

3015 

3051 

-  3.0 

-  1.8 

-3033 

-2947 

-2987 

50235 

229 

57 

44 

43 

-  80.8 

-  31. 2 

-  22,8 

-  24.6 

3421 

3389 

3399 

-  0.9 

-  0.6 

-3364 

-3345 

-3356 

50270 

159 

13 

24 

23 

-  84.9 

-  85.5 

-  84,6 

76,9 

3828 

3730 

3741 

-   2.6 

-  2.3 

-3815 

-3706 

-3718 

50290 

28 

8 

23 

20 

-  17.9 

-  28.6 

187.5 

150.0 

2483 

2363 

2387 

-  4.8 

-  3.9 

-2475 

-2340 

-2367 

50300 

3 

7 

16 

15 

433.3 

400.0 

123.6 

114.3 

1229 

1166 

1178 

-  5,1 

-  4.1 

-1222 

-1150 

-1163 

50323 

10 

11 

24 

25 

140.0 

150.0 

118,2 

127.3 

2762 

2639 

2682 

-  2,6 

-  2.9 

-2751 

-2665 

-2657 

50352 

14 

19 

22 

25 

57.1 

78o6 

15.8 

31,6 

2544 

2512 

2486 

-  1.3 

-  2.3 

-2525 

-2490 

-2461 

50336 

16 

57 

77 

77 

381,3 

381.3 

35.1 

35.1 

206 

199 

199 

-  3.4 

-  3.4 

-  149 

-  122 

-  122 

50400 

80 

93 

93 

96 

l6o3 

20.0 

0,0 

3.2 

67 

61 

59 

-  9.0 

-  11,9 

26 

32 

37 

50440 

507 

461 

419 

440 

-  17.4 

-  13.2 

-  9.1 

-  4.6 

419 

372 

345 

-  11.2 

-  17.7 

42 

47 

95 

50500 

1129 

1070 

1022 

1053 

-  9.5 

-  6,7 

-  4.5 

-  1.6 

828 

729 

690 

-  12,0 

-  16.7 

242 

293 

363 

50534 

1012 

979 

960 

953 

-  5.1 

-  5.8 

-  1,9 

-  2.7 

312 

267 

270 

-  14,4 

-  13.5 

667 

693 

683 

5056O 

1117 

1091 

1067 

1070 

-  4.5 

-  4.2 

-  2.2 

-  1.9 

94 

56 

60 

-  40.4 

-  56.7 

997 

lOU 

1010 

50585 

1482 

1452 

ia9 

1432 

-  4.3 

-  3.4 

-  2.3 

-  1.4 

33 

9 

7 

-  72.7 

-  78,8 

1419 

1410 

1425 

50600 

U28 

1108 

1090 

1094 

-  3.4 

-  3.0 

-  1.6 

-  1.3 

3 

4 

4 

33,3 

33.3 

1105 

1086 

1090 

50640 

3579 

3491 

3441 

3441 

-  3.9 

-  3.9 

-  1.4 

-  1.4 

0 

0 

0 

0,0 

0.0 

3491 

3441 

3441 

50700 

6061 

5407 

5392 

5348 

-  11.0 

-  U.8 

-  0,3 

-  1.1 

0 

0 

0 

0.0 

0.0 

5407 

5392 

5343 

50750 

5724 

4599 

4578 

4555 

-  20,0 

-  20,4 

-  C,5 

-  1.0 

0 

0 

0 

0.0 

0.0 

4599 

4578 

4555 

50800 

6270 

4978 

4326 

4948 

-  31.0 

-  21.1 

-  i:-.i 

-  0.6 

0 

0 

0 

0,0 

0.0 

4978 

4ji26 

4948 

50900 

11976 

9995 

8642 

9954 

-  27.3 

-  16.9 

- 13.5 

-  0.4 

0 

0 

0 

0,0 

0,0 

9995 

8642 

9954 

51000 

10013 

9615 

9329 

9462 

-  0.3 

-  5.5 

-  3,0 

-  1.6 

0 

0 

0 

0.0 

0.0 

9615 

9329 

9462 

51100 

9404 

8423 

8148 

8254 

-  13o4 

-  12.2 

-  3.3 

-  2,0 

0 

0 

0 

0.0 

0,0 

8423 

8148 

8254 

51170 

5433 

4921 

4741 

4784 

-  12.7 

-  11.9 

-  3,7 

-  2,8 

0 

0 

0 

0.0 

0.0 

4921 

4741 

4784 

51200 

2118 

1902 

1813 

1830 

-  14.4 

-  13.6 

-  4,7 

-  3.8 

0 

0 

0 

0.0 

0.0 

1902 

1813 

1830 

51263 

4003 

3600 

3452 

3487 

-  13.3 

-  12.9 

-  4.1 

-  3,1 

0 

0 

0 

0.0 

0.0 

3600 

3452 

3487 

51289 

1419 

1315 

1268 

1278 

-  10.0 

-  9.9 

-  3.6 

-  2,3 

0 

0 

0 

0.0 

0,0 

1315 

1268 

1273 

51300 

540 

515 

497 

504 

-  8.0 

-   6.7 

-  3.5 

-  2.1 

0 

0 

0 

0.0 

0,0 

515 

497 

504 

51342 

1837 

1766 

1695 

1726 

-  7.7 

-  6.0 

-   4.0 

-  2.3 

0 

0 

0 

0,0 

0,0 

1766 

1695 

1726 

51372 

869 

805 

764 

783 

-  12,1 

-  9.9 

-  5.1 

-  2.7 

0 

0 

0 

0,0 

0.0 

805 

764 

733 

51400 

254 

216 

206 

217 

-  18.9 

-  14.6 

-  4,6 

0,5 

303 

289 

278 

-  4,6 

-  8.3 

-  87 

-  83 

-  61 

51415 

7 

14 

6 

8 

-  14,3 

14,3 

-  57.1 

-  42,9 

U73 

439 

422 

-  7,2 

-  10.8 

-  459 

-  433 

-  a4 

51428 

0 

7 

0 

1 

0.0 



-100.0 

-  85.7 

5ol 

538 

513 

-  4,1 

-  7.7 

-  554 

-  538 

-  517 

51435 

0 

0 

0 

0 

0.0 

0,0 

0.0 

0.0 

310 

311 

300 

0.3 

-  3.2 

-  310 

-  311 

-  300 

51465 

0 

1 

1 

2 



—  - 

0.0 

100.0 

12ol 

1296 

1255 

2.7 

-  0.5 

-1200 

-1295 

-1253 

51500 

6 

2 

2 

7 

-  66.7 

16,7 

0.0 

250.0 

1113 

1139 

1092 

1.8 

-  2.3 

-1116 

-1137 

-1085 

51525 

150 

U7 

138 

147 

-  8.0 

-  2,0 

-  6.1 

0.0 

433 

432 

405 

-  0.2 

-  6.5 

-  286 

-  294 

-  258 

51550 

347 

332 

313 

320 

-  9.8 

-  7.3 

-   5.7 

-  3.6 

189 

179 

173 

-  5.3 

-  8.5 

143 

134 

147 

Continued  Next  Page 


TABLE    I     (Continued) 
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10 


u 


12 


13 


14 


15 


16 


17 


Const. 

Field 

Unadj. 

Adj. 

%  Error 

%  Zttot 

%  Error 

%  Error 

Field 

Unadj . 

Adj. 

%  Error 

%  Error 

Net 

Net 

Net 

Station 

Eecord 

Cut 

Photo. 

Photo. 

4^ 

?-2 

h=l 

i=l 

Fill 

Photo. 

Phcto 

11-10 

12-10 

Volume 

Volume 

Volums 

Cut  . 

Cut 

Cut 

2 

2 

3 

3 

Fill 

Fill 

10 

10 

Field 

UnadJ . 
Data 

Adj. 
Data 

51580 

759 

717 

682 

695 

-  10.1 

-  8.4 

-  4.9 

-  3.1 

61 

37 

37 

-  39.3 

-  39.3 

656 

645 

658 

51600 

714 

688 

650 

667 

-  9.0 

-  6.6 

-  5.5 

-  3.1 

2 

1 

0 

-  50.0 

-100.0 

636 

649 

667 

51635 

1209 

U64 

1094 

1122 

-  9.5 

-  7.2 

-  6.0 

-  3.6 

1 

8 

4 

700.0 

300.0 

1163 

1086 

1118 

51680 

1396 

1330 

1305 

1304 

-  6.5 

-  6.6 

-  1.9 

-  2.0 

2 

10 

7 

400,0 

250.0 

1328 

1295 

1297 

51700 

580 

555 

558 

547 

-  3.8 

-  5.7 

0.5 

-  lo4 

0 

0 

1 

0.0 



555 

558 

546 

51735 

727 

667 

661 

663 

-  9.1 

-  e.8 

-  0.9 

-  0.6 

0 

1 

0 



0.0 

667 

650 

b63 

51760 

180 

153 

152 

152 

-  15.6 

-  15.6 

-  0.7 

-  0.7 

227 

21C 

217 

-  7.5 

-  4.4 

-  74 

-  58 

-  65 

51781 

11 

16 

14 

10 

-  27.3 

-  9.1 

-  12.5 

-  37.5 

610 

576 

583 

-  5,6 

-  4,4 

-  594 

-  562 

-  573 

51800 

0 

6 

5 

7 

— 

-  16.7 

16.7 

847 

823 

815 

-  2,8 

-  3.8 

-  841 

-  818 

-  808 

51805 

0 

1 

2 

2 

— 



100.0 

100.0 

247 

246 

243 

-  0.4 

-  1.6 

-  246 

-  244 

-  241 

51813 

0 

29 

17 

17 

— 

-  41.4 

-  41.4 

408 

403 

403 

-  1.2 

-  1.2 

-  379 

-  386 

-  336 

51830 

0 

69 

35 

33 

— 

-49.3 

-  52.2 

938 

899 

914 

-  4.2 

-  2.6 

-  869 

-  864 

-  881 

51845 

0 

10 

3 

2 

_„ 



-  70.0 

-  80.0 

844 

793 

809 

-  fa.O 

-  4.2 

-  834 

-  790 

-  807 

51873 

0 

0 

1 

1 



— 



U88 

1394 

U12 

-  6.3 

-  5.1 

-1488 

-1393 

-14U. 

51900 

0 

4 

43 

37 

— 



975.0 

825.0 

1497 

1407 

1429 

-  6.0 

-  4.5 

-1493 

-1364 

-1392 

51950 

0 

8 

81 

69 

— 

912.5 

762.5 

3320 

3130 

3161 

-  5.7 

-  4.8 

-3312 

-3049 

-3092 

52000 

0 

0 

1 

1 

— 

3689 

3507 

3520 

-  4.9 

-  4,6 

-3689 

-3506 

-3519 

52065 

0 

0 

1 

0 

0.0 

0.0 

5019 

4725 

4779 

-  5  =  8 

-  4.8 

-5019 

-4724 

-4779 

52100 

0 

0 

0 

0 

0.0 

0.0 

0.0 

0.0 

3593 

3114 

3204 

-  13.3 

-  10.8 

-3593 

-3114 

-3204 

52127 

0 

0 

0 

0 

0.0 

0.0 

0.0 

0.0 

3010 

2660 

2753 

-  11.6 

-  8.5 

-3010 

-2660 

-2753 

52165 

0 

0 

0 

0 

0.0 

0.0 

0.0 

0.0 

4014 

3859 

4006 

-  3.9 

-  0.2 

-4014 

-3859 

-4006 

52200 

0 

0 

0 

0 

0.0 

0.0 

0.0 

0.0 

3550 

3345 

3514 

-  5.8 

-  1.0 

-3550 

-3345 

-3514 

52250 

0 

0 

2 

0 

— 

0.0 

— 

0.0 

au 

3802 

3980 

-  7.5 

-  3.2 

-4111 

-3800 

-3980 

52291 

0 

0 

1 

0 



0.0 

— 

0.0 

2702 

2569 

2636 

-  4.9 

-  2.4 

-2702 

-2568 

-2d36 

52300 

0 

0 

0 

0 

0.0 

0.0 

0.0 

0.0 

579 

561 

570 

-  3.1 

-  l.b 

-  579 

-  561 

-  570 

52400 

3 

0 

5 

1 

66.7 

-  66.7 





7948 

7539 

7739 

-  5.1 

-  1.4 

-7948 

-7534 

-7738 

52500 

17 

0 

6 

1 

-  64.7 

-  94.1 

9071 

8529 

8765 

-  6.0 

-  3.4 

-9071 

-8523 

-8764 

52600 

9 

0 

2 

0 

-  77.  S 

-100.0 

— 

OoO 

9865 

9437 

9642 

-  4.3 

-  2.7 

-9365 

-9435 

-9o42 

52700 

2 

0 

4 

2 

100.0 

0.0 

— 

9571 

9233 

9350 

-  3.5 

-  2.3 

-9571 

-9229 

-9348 

52755 

4 

1 

3 

4 

-  25.0 

0.0 

200,0 

300.0 

4806 

4679 

4647 

-  2.b 

-  3.3 

-4S05 

-40  76 

-4643 

52800 

4 

1 

1 

2 

-  75.0 

-  50.0 

0.0 

100.0 

3833 

3790 

3751 

-  1.3 

-  2.7 

-3837 

-3739 

-3749 

52875 

10 

0 

0 

1 

-100.0 

-  90.0 

0.0 

— 

6337 

6386 

6320 

0.8 

-  0.3 

-6337 

-0386 

-0319 

52900 

6 

2 

6 

9 

0.0 

50.0 

200.0 

350.0 

1731 

1711 

1678 

-  1.2 

-  3.1 

-1729 

-1705 

-1669 

52915 

3 

1 

4 

6 

33.3 

100.0 

300.0 

500.  c 

909 

205 

785 

-  U.4 

-  13.6 

-  908 

-  801 

-  779 

52940 

1 

0 

0 

0 

-100.0 

-100.0 

0.0 

0.0 

1635 

14P4 

1482 

-  9.2 

-  9.4 

-1635 

-1484 

-1482 

52980 

2 

2 

0 

0 

-100.0 

-100,0 

-100.0 

-100. 0 

2027 

1961 

1981 

-  }.3, 

-  2.3 

-2025 

-1961 

-1981 

53000 

61 

38 

38 

38 

-  37.7 

-  37.7 

0.0 

0.0 

t.03 

5P5 

585 

-    3.0 

-  3.0 

-  565 

-  547 

-  547 

53015 

107 

80 

81 

81 

-  24.3 

-  24.3 

1.3 

1.3 

300 

298 

298 

-  0.7 

-  0.7 

-  220 

-  217 

-  217 

53045 

185 

202 

187 

185 

1.1 

0.0 

-  7o4 

-  8.4 

443 

424 

430 

-  4.3 

-  2.9 

-  241 

-  237 

-  245 

53075 

157 

209 

198 

196 

26.1 

-  24.8 

-  5.3 

-  6,2 

237 

210 

216 

-  11.4 

-  8.9 

-  28 

-  12 

-  20 

53100 

242 

230 

192 

200 

-  20.7 

-  17.4 

-  16.5 

-  13.0 

61 

51 

50 

-  16.4 

-  I80O 

109 

141 

150 

53120 

446 

252 

207 

213 

-  53.6 

-  52.2 

-  17.9 

-  15.5 

5 

5 

4 

0.0 

-  20.0 

247 

202 

209 
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11 
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13 


U 


15 


16 
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Const. 

Field 

Unadj. 

Adj. 

i  Error 

%   Error 

%  Error 

^  Error 

Field 

Lnadj. 

Adj. 

i  Error 

%  Error 

Net 

Net 

Net 

Station 

Record 

Cut 

Photo. 

Photo. 

A-2 

,?-2 

h=l 

izi 

Fill 

FhotOo 

Photo 

11-10 

12-10 

Volume 

Volume 

Volume 

Cut 

Cut 

Cut 

2 

2 

3 

3 

Fill 

FiU 

10 

10 

Field 

Unadj. 
Data 

Adj. 
Data 

53180 

1904 

1369 

1318 

1305 

-  30.3 

-  31.5 

-  3.7 

-  4.7 

0 

0 

0 

0.0 

0.0 

1369 

1318 

1305 

53200 

629 

621 

617 

604 

-  1.9 

-  4.0 

-  0.6 

-  2.7 

0 

0 

0 

0.0 

0.0 

621 

617 

604 

53232 

1175 

1162 

1159 

1146 

-  1.4 

-  2.5 

-  0,3 

-  1.4 

0 

0 

1 

0.0 

1162 

1159 

U45 

53300 

3292 

3279 

3261 

3230 

-  0.9 

-  1.9 

-  0.5 

-  1.5 

0 

0 

0 

0.0 

0.0 

3279 

3261 

3230 

53350 

2721 

2734 

2716 

2660 

-  0.2 

-  2.2 

-  0.7 

-  2.7 

0 

0 

0 

0.0 

0.0 

2734 

2716 

2660 

53400 

2529 

2543 

2492 

2469 

-  1.5 

-  2.4 

-  2.0 

-  2.9 

0 

0 

0 

0.0 

0.0 

2543 

2492 

2469 

53450 

2366 

2379 

2304 

2348 

-  2.6 

-  0.3 

-  3.2 

-  1.3 

0 

0 

0 

0.0 

0.0 

2379 

2304 

2348 

53500 

2406 

2402 

2338 

2371 

-  2.8 

-  1.5 

-  2.7 

-  1.3 

0 

0 

0 

0.0 

0,0 

2402 

2338 

2371 

53550 

2311 

2301 

2240 

2240 

-  3.1 

-  3.1 

-  2.7 

-  2.7 

0 

0 

0 

0.0 

0.0 

2301 

2240 

2240 

53bOO 

2044 

2040 

1982 

1982 

-  3.0 

-  3.0 

-  2.8 

-  2.3 

0 

0 

0 

0.0 

0.0 

2040 

1982 

1982 

53650 

1561 

1540 

1484 

1484 

-  4.9 

-  4.9 

-  3.6 

-  3.6 

10 

9 

9 

-  10.0 

-  10.0 

1530 

1475 

1475 

53700 

918 

373 

817 

845 

-  11.0 

-  8.0 

-  6.4 

-  3.2 

37 

28 

19 

-  24.3 

-  48.6 

S36 

789 

826 

53750 

344 

308 

284 

311 

-  17.4 

-  9.6 

-  7.8 

1.0 

313 

291 

282 

-  7.0 

-  9.9 

-   5 

-   7 

29 

53800 

132 

130 

143 

148 

8.3 

12.1 

10.0 

13.8 

830 

738 

771 

-  5.1 

-  7.1 

-  700 

-  645 

-  623 

53820 

57 

62 

67 

66 

17.5 

15.8 

8.1 

6.5 

373 

346 

349 

-  7.2 

-  6.4 

-  311 

-  279 

-  283 

161,856    148,664  143,524   145,752 


11.3 


9.9 


3.5 


2.0    252,303  246^02    247,340       -     2.5 


2.0  -103,639  -aC2v!.78  -101,588 


0/00 

BP-3 

0/50 

la 

181 

214 

204 

51.8 

44.7 

18.2 

12.7 

1/00 

617 

632 

644 

652 

4.4 

5.7 

1.9 

3.2 

1/50 

1638 

1693 

1658 

1758 

3.1 

7.3 

-  2.1 

3.8 

2/00 

3197 

3283 

3182 

3309 

-  0,5 

3.5 

-  3.1 

0.8 

2/50 

4690 

4749 

4617 

47U 

-   1.6 

0.5 

-  2.8 

-  0.7 

2/76 

2977 

3047 

3004 

3052 

0,9 

2.5 

1.4 

0.2 

13260 

13585 

13319 

13689 

0o4 

3.2 

-  2,0 

0.8 

530/50 

BP-4 

531/00 

3577 

3680 

2881 

2792 

-  1?.5 

-  21.9 

-  21.7 

-  24.1 

531/20 

1600 

1666 

1501 

1519 

-  6,2 

-  5.1 

-  9.9 

-  8.8 

531/45 

2113 

2392 

2210 

2247 

4.6 

6.3 

-  7.6 

-  6.1 

532/00 

5548 

5630 

5342 

5368 

-  3.7 

-  3.2 

-  5.1 

-  4.7 

533/00 

6932 

3239 

7970 

7991 

15.0 

15.3 

-  3.3 

-  3.0 

534/00 

2806 

4065 

4050 

3935 

44.3 

40.2 

-  0.4 

-  3.2 

534/40 

1112 

1141 

1107 

1121 

-  0.4 

C.8 

-  3.0 

-  1.8 

535/00 

1824 

1872 

1766 

1872 

-  3.2 

2.0 

-  5.7 

0.0 

535/50 

993 

1015 

956 

969 

-  3.7 

-  2.4 

-  5.8 

-  4.5 

536/00 

356 

377 

326 

310 

-  8.4 

-  12.9 

-  13.5 

-  17.8 

26861   30077  28109   28124 


4.0 


4.7 


TT 


XT 
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ThBLE  II 

Homogeneity  of  Variance  Among  Eleven  Models 
(Bartlett's  Test) 

HYP.:o-^   =<y\    =«^L   ..    ^LT.    HYP.rNot   all  Equal,  («-  =  .05 ) 

1  2  Dr-if 


Model 

3f 

2 
^i 

LOG  s? 

1 

^A 

2/.  LOG  s^ 

1 

.0964 

19 

8.99300-10 

1.870 

170.80700-190 

2 

.0144 

25 

8.15830-10 

.300 

203.95900-250 

3 

.0529 

24 

8.79B65-10 

1.510 

211.16760-240 

4 

.0377 

22 

8.57634-10 

.829 

186.07948-220 

5 

.0207 

15 

8.42051-10 

.401 

120.39765-150 

6 

.0250 

31 

8.39794-10 

.775 

20O.330I4-3IO 

7 

.0331 

35 

8.51983-10 

1.159 

298.19405-350 

8 

.0974 

19 

8.98850-10 

1.851 

170.78264-190 

9 

.0213 

22 

8.32838-10 

.469 

183.22436-220 

BP-3 

.0033 

o 

8. 80140-10 

.380 

52.8O84O-6O 

BP-4 

.0750 

10 

8.87500-10 

.750 

88. 75O0O-IOO 

228 


10.354        I955.I6092-228O 


s*^  =         \^         =     228       "    -^^54         LOG  s'^  =  8.05706-10 
/^  =   2.1IQI   [z^LOG   s^   -Zz^.    LOG  s.^] 
^=   2.^03    [228(8. O5700-10)-(1955. 16692-2280)]   =  ^*^^ 

0 


1.      1 


C    =    l+     (2^i)-2y      =1    + 


3(K-1) 

_  42.9^  _ 


.6722 -.0044 
3(10) 


^=?fS!2   =  ^2.01,     t.^^^Q^   -18.31 


=    1.022 


42.01>Z 


10,. 05 


CONCLUSION:   The  variances  are 

significantly  different. 
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Table  hi 

Homogeneity  of  Variance  Within  a  Model 
Elevation  Data 


Point 

Reading 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 

27.0 

32.3 

10.5 

60.9 

47.9 

20.5 

87.3 

83.4 

73.8 

2 

2b. o 

32.4 

10.3 

61.0 

48.0 

20.8 

87.2 

83.4 

73.8 

3 

26.8 

32.0 

10.5 

61.0 

48.0 

20.6 

87.4 

83.4 

73.9 

4 

27.1 

32.2 

10.3 

60.8 

47.9 

20.8 

87.3 

83.3 

74.0 

5 

20.5 

32.4 

10.3 

00.7 

47.9 

20.7 

87.1 

83.1 

73.7 

6 

2t).5 

32.2 

10.4 

60.8 

47.9 

20.6 

87.2 

83.3 

73.7 

7 

26. o 

32.3 

10.0 

60.7 

47.8 

20.5 

87.1 

83.1 

73.8 

3 

27.1 

31.9 

10.5 

60.8 

47.7 

20.5 

87.2 

83.1 

73.8 

9 

26. u 

32.4 

10.3 

o0.8 

47.7 

20.5 

87.3 

83.1 

73.7 

10 

20.5 

32.0 

10.1 

60.  o 

47.8 

20.5 

87.1 

83.2 

73.8 

Bartlett' s  Test 
HYP.:  crj=cr2  =  ...cr^,    ALT.    HYP.:  Not   All   Equal ,(  oc 


=    .05) 


Point 


1 
2 
3 
4 
5 
6 

7 

8 

9 

Total 


LOG   s' 


0622 

8.79379-10 

0422 

8. 02531-10 

0231 

8.36361-10 

0167 

8.22272-10 

0111 

8.04532-10 

0156 

8.19312-10 

0111 

8.04532-10 

0177 

d. 24797-10 

0089 

7.94939-10 

2086 

74.48055-90 
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ThBLE  III    (Continued) 

2   _      Zz^jSj^   _   9(.2086)    _      ^^„ 
s      - ^ -    .0232 

LUG  s^   =  B. 30549-10 

^  ^  LOQI  ^-^  LOG  s^  -It/   log  s.^] 

^  1  1 


I  (i^)-  -i 


^  1   -    .0123 


/3  -  1.0411         ^*^ 


^8,.05  =  '5-^''  ^5.9a>x2^^^^ 


CONCLUSION:      Variances  are    significantly  dix'ferent   at  the 
five   percent   level. 


